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STUDIES ON THE RENAL CONCENTRATING MECHANISM. 


Il. EFFECT OF SMALL 


ACUTE CHANGES IN 


SOLUTE EXCRETION * 


By LAWRENCE G. RAISZ + 
(From the Medical and Radioisotope Services, Veterans Administration Hospital, and 
ment of Medicine, State University of 


Syracuse, 


(Submitted for publication June 6, 


The renal concentrating mechanism is con- 
sidered to be limited by a maximal urine osmolal 
concentration or a maximal osmotic urine/plasma 
(UP) ratio at low rates of solute excretion (1). 
When the 
ministration of large osmotic loads to hydropenic 
This 


decrease has recently been ascribed to the limi- 


solute excretion is increased by ad- 


subjects urine osmolality decreases (2-4). 


tation imposed by the existence of a maximal 
rate of net water reabsorption (termed T,,°H.O) 
at high rates of solute excretion and urine flow 
(5-7). When no osmotic load is given, solute 
excretion is low in hydropenic subjects so that 


the net rate of water reabsorption is much below 


the 


“osmotic ceil- 


its maximum. Under these circumstances 


existence of a constant maximal 
ing” independent of small changes in solute ex- 
cretion and urine flow has been postulated (1, 
7), but such a limit has not yet been clearly 
demonstrated experimentally. The present study 
to the 


of small, acute changes in solute excretion on the 


was therefore undertaken etfects 


assess 
osmotic UP ratio observed in hydropenic normal 
Osmotic U/P 


tended to vary inversely 


ratio was not constant but 
the 


men. 
with concurrent 


rate of solute excretion. 


METHODS 


The subjects were four paid volunteer male medical 
students who were selected for their ability to void small 
volumes of urine so that catheterization could be avoided? 


* Presented before the Eastern Section Meeting of the 
American Federation for Clinical Research, New Haven, 
Conn., Dec. 6, 1957. 

+ Veterans Administration Clinical Investigator. 

1 Originally five subjects were selected by a “bladder 
emptying test.” In this test the subjects voided at in 
tervals of 30 minutes in the resting hydropenic state. 
The subject was considered acceptable if the creatinine 
10 cent of 


clearance did not vary by more than per 


AND ROBERT L. SCHEER 

Depart- 
New York Upstate Medical Center 

Nia ¥.) 


1958; accepted August 13, 1938 


On the day prior to the experiment subjects took no fluids 
after lunch and had a standard dry supper consisting of 
toast, meat, cheese, jelly, butter and cake. [Experiments 
were begun at 6:00 to 7:00 a.m. the following morning 
The subjects remained recumbent except to void or exer 
Urine samples obtained at intervals of 30 


blood 


The procedures described below were begun at 


cise. were 


minutes and samples approximately every two 


hours. 
8:00 or 8:30 a.m. after three to four preliminary urine 
samples had been obtained. All experiments were per- 
formed trom November to March except the urea series 
conducted in May The following experi 


which was 


ments were performed 


1. Resting state. Each subject remained recumbent 


for five to six hours 
2. Light exercise. Two subjects rode a stationary bi 


cycle for one-half hour at 14 miles per hour against 
minimal resistance. 

3. Venesection. In three subjects, 500 to 600 ml. of 
whole blood was removed in four to 20 minutes. 


4. Mannitol 


fusion of 5 or 8 per cent mannitol in 


received an in 
NaCl solu 


hours and at 2 


infusion. Each subject 
isotonic 
tion at 1 ml. per minute for two ml. per 
minute for the next two hours 

5. Urea ingestion. Lach subject ingested four doses of 
urea (25 Gm. per 100 ml. dissolved in orange juice) at in 
The 


the next two were 10 Gm. ot 


tervals of one hour. first two doses were 5 Gm. and 


urea 


Chemical methods. 


Jaffe reaction (8) using adsorption witl 


Creatinine was determined by the 
Lloyd's reagent 
for the serum (9). Urea was determined by the method 
of Van Slyke and Cullen (10). Mannitol 


mined by a chromotropic acid method (11) 


was deter 


Sodium and 


potassium were determined with an internal standard 


flame photometer. Osmolality was measured with a 


Fiske freezing-point osmometer. Duplicate determinations 
of osmolality agreed within one per cent 

Data on 
presented in terms of the osmotic | 


Calculations. urine concentrating ability are 


P ratio, and data o1 


the mean in six periods Subsequently, one subject 


showed considerable variation in creatinine clearances 


4 
In 72 
of 21 experiments on the four remaining subjects, the 
the the 


and his data were discarded preliminary periods 


average deviation of creatinine clearance from 


day's mean was + 6 per cent 
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SOLUTE EXCRETION AND 


The 


former expression is preferred to the use of urine osmo- 


solute excretion as the osmolal clearance (Cosm). 
lality alone since the data are thus corrected for variations 
in plasma osmolality. Osmolal clearance is calculated as: 
= Uosm V/Posm, where Uosm and Posm are urine and 
This term is pre- 


Comm 
plasma osmolality and V is urine flow. 
ferred to UssmV 
data for 
measure the volume of the isotonic fluid which, according 
to recent evidence (12), is delivered from the distal tu 
bules to a concentrating site in the collecting tubules. 

The statistical methods used are described by Snedecor 
(13): 


alone, not only because it corrects the 


variations in Posm but also because it would 


The use of correlation coefficients may be ques- 


tioned since the variables used contain common terms. 
While certain correlations might be due in whole or in 
part to such a common term, the negative correlation 
coetticients obtained in the present study do not depend 


on this term. 

RESULTS 
Table I and 
After 18 
hours of water deprivation osmotic U/P ratios 


The summarized in 


illustrated for one subject in Figure 1. 


results are 


ranged from 3.63 to 4.65, urine flow was less 
than 0.5 ml. per minute and Cosm was 1 to 2 ml. 
per minute (except in Subject L.G. in whom 


L.6> to3.3° ‘mil. 


ratio and Cosm were fairly 


initial values of Cycm were 
The U/P 


constant during the first one and one-half to 


per 
minute ). 


two hours after waking, but subsequently a sus- 


tained increase in solute excretion was observed 


in the resting state in three of four experiments. 





CONTROL 
VENESECTION 
UREA 
MANNITOL 


Ratio 


U/P 
> 
°o 


Osmotic 
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7 
Cosm mi. / min 
Fx: 1. CLEARANCE 


RATIO vs. OSMOLAL 


In SuBjyect L. G. 


Osmotic U/P 
(Sou 


Each point represents a half-hour urine collection pe- 
riod. The closed circles (“control”) are for the resting 


state experiment 


MECHANISM 


After venesection, Cys, showed a distinct and 
persistent decrease in the experiment on Sub- 
ject L.G., a small transient decrease in J.P., and 
an increase followed by a decrease in R.L., so 
that it was possible to observe the effects of a 
decreasing Cism. Light exercise was followed 
by a sustained increase in C,., in G.C. and by a 
R.L. Mannitol 
loading were used to increase C,.m in a predictable 


transient increase in and urea 


fashion (Figure 2). The range of Cocm for all 
data was 0.9 to 5.1 ml. per minute and the range 
of urine flow 0.24 to 1.71 ml. per minute. In 
most experiments, observations were made while 
Cosm Was increasing and in this circumstance it 
that 
After venesection (and in one light exercise ex- 


was found osmotic U/P ratio decreased. 
periment) observations were obtained when Cogm 
was decreasing and in this circumstance osmotic 
U/P 


ship between osmotic UP 


ratio increased. Such an inverse relation 


ratio and C,.m was 
observed in each experiment except the studies on 
the 


equation, U/P=a—b 


Subjects G.C. and J.P. in 
The 
Cosm. Was calculated as a simple expression of 
Table | 
a and b, correlation 


resting state. 


linear regression 
this relationship. gives the values of 
coefficients (r), and prob 
ability (p) values for the linear regression equa 
The 


relation coefficient between osmotic U 


tions of each experiment. negative cor 
P ratio and 
significant, although the con 


The 


value of the intercept a appeared chiefly to re- 


Cosm Was usually 
stants a and b showed considerable variation. 
flect variations in osmotic U/P ratio achieved at 
the 
the 
the 
motic U/P ratio. 
0.206 0.473, 


experiment in Subject R.L. in 


beginning of the experiment. Variations in 
slope b on the other hand are a measure of 
effect of changes in solute excretion on os- 
The 


except 


values were between 


and for the light eXETCISE 


whom there was 


a more marked decrease in osmotic U/P ratio 


in association with a small increase in solute ex 


cretion (/ =0.728). This experiment may indi 


cate that there is some impairment of the con 
2 The lack of inverse correlation in Subject J.P. was 
not unexpected since changes were so small. The control 


data on G.C. are unexplained. The U/P ratio showed 


a small increase during the experiment which may have 
represented the effect of further dehydration, although in 


(14). 18 


usually led to maximal osmotic | 


a previous study hours of water deprivation 


P ratios 
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Cosm 


Fic. 2. Osmotic U/P vs. Cosm BEFORE 


UreEA (CIRCLES) AND MANNITOL 


A 
! 2 


mi. / min. 


AND AFTER THE ADMINISTRATION 0 


( SQUARES ) 


Closed symbols represent the preliminary periods before loading. The re- 


gression lines for mannitol (solid) 


the lowest and highest value for ( 


centrating mechanism with light exercise such 


as is seen more strikingly after heavy exercise 


(15). The values for the slope > were higher 


in some of the resting state, light excerise and 


venesection experiments than after mannitol and 


rABLI 


Total and partial correlations (1 
clearance ams 


Subject, age 
Surtace area 
f periods 


0.001 
0.001 


0.736 
0.839 


Potal 
Partial 


G. C., 28 


0.001 
0.001 


Potal 
Partial 


0.001 
0.001 


Potal 
Partial 


0.001 
0.001 


. Potal 
1.90 Partial 


43 


<0.001 
0.001 


Potal 
Partial 


All data 


No periods 


and urea 


and their significance (p) between osmotic urine/ plasma 
), and creatinine clearance (C, 


(dashed) are drawn betwee 


‘osm Obtained in that experiment. 


urea loading. The former experiments usually 
included a lower range of C,., than that achieved 
with mannitol and urea loads and also differed 
in that the changes in C,.,, were chiefly due to 
changes in Na and Kk excretion. Since the values 


I] 
BRE a 
ta 


, osmolal 


seal da 


) for each subject and for the ma 


<0.05 
<0.001 


+ 0.330 
+0.650 


+0.142 
+0.604 


n.s 
0.001 


<0.001 
<0.001 


+ 0.696 
+0.799 


0.281 
+0.595 


ns 


< 0.001 


<0.001 
<0.001 


+0.667 
+0.680 


<0.05 
<0.01 


315 
360 


+0.590 
+0.054 


<0.001 
n. 


<0.001 
n. 


0.614 
0.216 


Ss. Ss. 


<0.001 
<0.001 


+0.625 
+0.731 


100 
493 


N.s. 


<0.001 





SOLUTE EXCRETION 


for Cosm were similar in the mannitol and urea 
experiments, direct comparison is possible (Fig- 
ure 2). The slopes of the regression line are 
nearly identical in the two series although osmotic 
U/P ratios were higher in the urea experiments 
in three of four subjects. In these instances, 
higher osmotic U/P ratios were observed in the 
preliminary periods before loading was begun. 

There was no striking effect of variations in 
creatinine clearance (C,;) in the present studies. 
There was a positive correlation between Cy, 
and Cosm in each subject but there was no con- 
sistent pattern of total correlation between C,, 
and osmotic U/P ratio (Table II). When the 
effect of Cosm on osmotic U/P ratio was elimi- 
nated by determining the coefficient of partial 
correlation,’ a significant positive partial cor- 
relation between C,, and U/P ratio was found 
in three subjects. In the fourth (J.P.) the total 
correlation was significantly negative and the par- 
tial correlation was not significant. 

Changes in plasma osmolality were small and 
variable, except for the consistent increase after 
urea loading. There was no significant correla- 
tion between the changes in plasma osmolality 
and the changes in osmotic U/P ratio in any 
group of experiments. 


DISCUSSION 


The acute changes in osmotic U/P ratio ob- 
served in the present study are considered to be 
a characteristic of the intrinsic response of the 
renal concentrating mechanism to small changes 
in solute excretion and not due to influence of 
extrinsic factors which might alter concentrating 
ability. Such extrinsic factors include a change 
in the production of antidiuretic hormone (ADH), 
variations in the prior state of hydration and 
variations in the prior protein intake. There is 
little reason to suppose that ADH _ production 
should decrease in the present experiments since 
dehydration was not relieved. In previous stud- 
ies (14) the administration of vasopressin did 


8 The coefficient of partial correlation is a convenient 
measure of the significance of association between two 
independent variables when one or more other known 
variables are held constant. Methods of correlation 
analysis rather than of multiple regression analysis were 
used since it could not be predetermined which of the 
variables was dependent. 
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not increase osmotic U/P ratio in subjects de- 
prived of water for 18 hours; in fact, there was 
usually a decrease in osmotic U/P ratio after 
vasopressin, associated with an increase in solute 
excretion. Prior water loading or water depri- 
vation (16-18) has been shown to influence the 
concentrating capacity despite the administration 
of “maximal” amounts of vasopres- 
sin. This observation has been taken to indicate 
that the concentrating mechanism can be influenced 
by the duration or degree of dehydration through 
the operation of some factor other than the 
amount of ADH immediately available. Such 
a factor might be directly related to the effective 
osmolality or inversely related to the volume of 
the body fluids. The present study did not test 
these possibilities, since most changes in osmotic 
U/P ratio occurred when both effective osmol- 
ality and extracellular fluid volume were nearly 


exogenous 


constant. 

Although variations in protein or urea intake 
have been shown to alter concentrating ability 
(19) these changes were not observed in acute 
experiments. Small did not alter 
urine osmolality in the subjects of Epstein, Klee- 
man, Pursel and Hendrikx (19) who were on a 
low protein diet. It is possible that the decrease in 
U/P ratio which accompanies an increase in so- 
lute excretion was obscured by an effect of urea 
itself in subjects on a restricted protein intake. In 
the present study, U/P ratios were higher after 
urea loading than after mannitol loading in three 
this difference 
was associated with higher osmotic U/P 
in the preliminary periods before the load was 
actually administered. Such the 
osmotic U/P ratio after 18 hours of water de- 
privation have been previously observed (14) 
and cannot be related either to variations in so- 
The series 


urea loads 


of four experiments. However, 


ratios 


variations in 


lute excretion or plasma osmolality. 
of urea experiments was done in May after the 
other experiments of the present study had been 


completed so that adaptation or seasonal varia- 
tion might have affected the response to 18 hours 
With acute changes in so- 


of water deprivation. 
lute excretion in an individual experiment an 
inverse relationship between osmotic U/P ratio 
and osmolal clearance was observed whether the 
change in solute excretion was chiefly of elec 


trolytes, urea or mannitol. Thus the present data 
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confirm those previous studies (3, 4) which indi- 
cate that the concentrating mechanism operates 
independently of the contemporaneous pattern 
of solute reabsorption and excretion, presumably 
because the urine is concentrated at a site im- 
permeable to solutes. 

The decrease in osmotic U/P ratio as Com 
increases over the range of 1 to 5 ml. per minute 
has been presented as a linear regression be- 
cause this expression was appropriate for most 
experiments. However, in experiments 
(G.C., mannitol; L.G, control) the slope was 
somewhat steeper over a lower range of Cosm, 


some 


suggesting a curvilinear relationship. Moreover 
when Cysm is increased progressively above 5 
ml. per minute the relationship between osmotic 
U/P ratio and Com is clearly curvilinear (4) 
and U/P ratio appears to approach one as an 
asymptote. Attempts to extend the observa- 
tions on the relationship between C,,m and osmotic 
U/P ratio to very low rates of solute excretion 
Such low rates 
can be achieved in chronic experiments by re- 


have thus far been unsuccessful. 


stricting dietary protein or in acute experiments 
after heavy exercise. Both procedures lead to 
lowering of the osmotic U 
19). 


impairment of 


P ratio in hydropenic 
This change is taken to indicate 
the concentrating 
rather than an effect of low solute excretion it- 
self, since under these circumstances concentrat- 


men (15, 
mechanism 


ing ability (as measured by net water reabsorp- 


tion) is also impaired during osmotic diuresis. 
The concept that the concentrating mecha- 
nism is limited by a U/P 
ratio at low rates of and a 
maximum net water reabsorption (Tm°H,O) at 
high rates of solute excretion and urine flow 
has been presented by Smith and co-workers 
(6,7). This concept implies that there should be 
an appreciable range of solute excretion over 
which U/P ratio is constant. Boyarsky and 
Smith (7) reported that in their hospitalized 
patients (age, 24 to 74 years) who had no 
history of renal disease, the maximal osmotic 
J/P ratios after 12 to 14 hours of water depri- 
vation were 2.2 to 3.4 and were constant up to 
an average urine flow of about 1 ml. per minute. 
There are several possible explanations for the 
differences between these data and the present 
The shorter period of prior de- 


maximum osmotic 


solute excretion 


observations. 
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hydration, the older age group, and possibly a 
poor prior protein intake may have led to the 
lower initial osmotic U/P ratios in Boyarsky 
and Smith’s subjects. Moreover the conclusion 
that osmotic U/P ratio was constant at urine 
flows below 1 ml. per minute appears to be based 
on preliminary collection periods which show 
little variation in urine flow in most subjects. 

The striking inverse relationship between os- 
motic U/P ratio and osmolal clearance ob- 
tained in the present study makes it difficult to 
assess the effect of other variables. While a 
positive partial correlation between osmotic U/P 
ratio and creatinine clearance was obtained in 
three of our subjects, the techniques used are too 
inaccurate to determine the effect of changes in 
glomerular filtration rate on concentrating ability. 
On the other hand, a marked decrease in glomeru-. 
lar filtration rate with heavy exercise (15) or 
constriction of the renal artery (20) is associ- 
ated with definite impairment of concentrating: 
ability. 

SUMMARY 


The effect of small changes in osmolal clear- 
ance on the osmotic urine/plasma ratio achieved 
after 18 hours of water deprivation has been 
studied in healthy men. Changes in osmolal 
clearance over the range of 0.9 to 5.1 ml. per 
minute and in urine flow over the range of 0.24 
to 1.71 ml. per minute were observed in the 
resting state, after venesection, after light ex- 
ercise and during mannitol and urea loading. 
The osmotic urine/plasma ratio was not con- 
stant. 
ship between osmotic urine/plasma ratio and 


There was a significant inverse relation- 


osmolal clearance at low rates of solute excre- 
tion and urine flow. 
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Heavy exercise decreases urine flow, sodium 
excretion, glomerular filtration rate and effec- 
In addition, 
albumin, often 


found in the urine sediment after exercise (9-12). 


tive renal blood flow in man (1-8). 


casts and red blood cells are 
Since the renal concentrating ability is a sensi- 
tive measure of renal impairment, the present 
study was undertaken to determine the effect of 
exercise on this 
found to impair concentrating ability in hydro- 


This impairment was ob- 


function. Heavy exercise was 


penic normal men. 
served when the subjects exercised without prior 
solute loading and also during a small osmotic 
diuresis, but was not found when the subjects 
exercised during a large osmotic diuresis. 


METHODS 


The subjects were six paid volunteer medical students 
and two physicians. The medical students were selected 
for their ability to pass the “bladder emptying test” de- 
scribed in the preceding paper (13). Urine was collected 
by voluntary voiding in all experiments. The subjects 
took no fluid after lunch of the day prior to the experi- 
ment and ate a dry supper. The following experiments 
were performed: 


I. Heavy exercise without solute loading 


A. Stair-running exercise. After three to four pre- 
liminary half-hour urine collection periods four subjects 
(G.C., L.G., R.L. and J.P.) began running up and down 
three flights of stairs at 8:00 or 8:30 am. In 30 min- 
utes they completed 15 trips and were exhausted. Since 
the subjects could not void immediately after exercise 
the first period was one hour long. Thereafter the sub- 
collected urine at half-hour for three 
hours. In a repeated experiment, Subject R.L. received 
100 mU of vasopressin intravenously just prior to ex- 
ercise since an infusion could not be given during stair- 
In this experiment he was able to void at the 
end of exercise. In the preceding paper (13) the effect 
of small changes in solute excretion on the concentrating 
ability in the same subjects is described. 


jects intervals 


running. 


* Veterans Administration Clinical Investigator. 


B. Step exercise. In Subjects W.A. and A.M. the ex- 
ercise consisted of stepping up and down a 17 inch step 
every three seconds for 30 minutes. Step exercise ap- 
peared to be as exhausting as stair-running and had the 
advantage that it could be performed during a continu- 
ous intravenous infusion. Subject A.M. was given an in 
fusion of 0.9 per cent saline at 0.6 ml. per minute to 
which vasopressin was added to provide 100 mU per hour 
during and after exercise. Exercise was not begun until 
10:15 or 10:30 a.m. to permit comparison with studies 
during osmotic diuresis (see II below). Observation 
continued for two hours after exercise. 


II. Heavy exercise during solute loading 


A. Small osmotic diuresis. In three subjects (W.A., 
A.M., and T.T.) a diuresis was established by the infu- 
sion of 5 per cent mannitol in 0.36 per cent saline solu- 
tion at a rate of 3.6 to 3.9 ml. per minute for two hours 
prior to exercise. Vasopressin was added to provide 200 
mU per hour. Then at 10:15 or 10:30 a.m. the subjects 
began step exercise for one-half hour. Urine collections 
were obtained at intervals of 15 or 30 minutes before, 
during, and for 90 to 105 minutes after exercise. 

B. Large osmotic diuresis. In three subjects (W.A., 
A.M., and L.R.) a large diuresis was established by the 
infusion of 5 per cent mannitol in 0.36 per cent saline at 
‘18 to 20 ml. per minute for 90 minutes prior to exercise. 
Vasopressin was added to provide 200 mU per hour. 
Step exercise was begun at 10 or 10:30 am. Urine was 
collected at 15 minute intervals before, during, and for 
105 to 120 minutes after exercise. 


Chemical methods and calculations 


Chemical methods and calculations are given in the 
preceding report (13). Glomerular filtration rate was 
estimated by the clearances of creatinine and mannitol. 

In experiments performed without solute loading the 
osmotic urine/plasma (U/P) ratio was high and changes 
in this term could be used to evaluate concentrating abil- 
ity. However, during mannitol diuresis there was a 
progressive fall in osmotic U/P ratio and it was in- 
creasingly difficult to evaluate changes in this variable. 
Under these circumstances the concentrating ability can 
be evaluated in terms of the relationship between net 
water reabsorption (T°H.O) and osmolal clearance 
(Cosm) (14). Such an evaluation is feasible if osmolal 
clearance is considered to represent the volume of iso- 
tonic fluid delivered to the concentrating site so that 
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TABLE I 


Effects of one-half hour of heavy exercise in four normal men * 





Before 
exercise 


Urine flow (V), ml./min. 


48 
(.38-.71) 


1.90 
(1.51—2.76) 


3.95 
(3.78-4.20) 


135 
(127-143) 


Osmolal clearance (Cogm), ml./min. 
Osmotic urine/plasma (U/P) ratio 
Creatinine (C,,) clearance, ml./min. 
Na excretion (UnaV), wEg./min. 85 


(48-151) 


32 
(25-43) 


K excretion (UkV), wEg./min. 


295 
(292-297) 


Plasma osmolality (Posm), mOsm./Kg. 


* Mean data and range of values are given for one and one-half to two hours before exercise and for each 


the beginning of exercise. 


T°H,O (calculated as Cosm minus urine flow) would 
represent the net rate of water reabsorption at that site. 


RESULTS 
I, Heavy exercise without solute loading 


Four stair-running experiments are summarized 
in Table I. 
urine flow, osmolal clearance and sodium ex- 
cretion to less than half of pre-exercise values 
with a gradual return to pre-exercise values by 
the third or fourth hour. 
and potassium excretion decreased by about one- 
third with exercise and then returned to pre- 
exercise values within two hours. Figure 1 
shows the results of a repeat stair-running ex- 
periment (Subject R.L.) and two step-exercise 
experiments (Subjects W.A. and A.M.) in which 
were obtained at the of 
In these experiments the decrease in 
other 
exercise period 


There was an abrupt decrease in 


Creatinine clearance 


urine collections end 
exercise. 
creatinine clearance as well as functions 
appeared to be greater in the 
than in the next half-hour period. However, the 
likelihood of errors due to incomplete urine col- 
lection at such low urine flows is large. The 
osmotic U/P ratio decreased in all seven experi- 
The values were 3.78 to 4.20 before 
exercise and decreased to 2.66 to 3.03 after exer- 


cise, except in Subject W.A. whose pre-exer- 


ments. 


(2.81-3.03) 


(297-302) 


Third 
hour 


Second 
hour 


First 
hour 


Fourth 
hour 


18 43 54 
(.14-.25) (.37-.50) (.48-.64) 
1.30 
(1.06-1.72) 


1.91 
(1.62-2.03) 1.85-1.94) 
2.90 3.03 


(2.68-3.42) 


3.18 
(2.89-3.71 


3.62 
3.16-3.92) 


91 
(82-102) 


148 
(137-159) 


146 
(137-161 


142 
(121-155) 


23 
(18-39) 


48 
(32-64) (41 


63 
87) 


88 
(72-118) 

39 
(31-56) 


19 
(13-25) 


36 54 
(29-44) (42-71) 
300 298 
296-300) 


299 
297-300) 


hour from 


cise maximum osmotic U/P ratio was only 3.10 
1.88 in the first 


About half of the decrease 


and in whom the value fell to 
post-exercise period. 
in urine osmolality could be accounted for by a 
decrease in total electrolyte concentration (calcu- 
lated as twice the sum of the change in sodium 
and potassium 
mainder presumably represented a decrease in 


concentration), while the re- 
urea concentration although this was not meas- 
ured directly. The 


often occurred after exercise and persisted in 


lowest values of U/P ratio 


some instances through the fourth hour. Plasma 
osmolality usually increased after exercise and 
remained increased thereafter, the largest incre- 
ment being 8 mOsm. per Kg. 
II. Heavy exercise during solute loading 
Exercise during osmotic diuresis also caused 
an abrupt decrease in urine flow, osmolal clearance 
and electrolyte excretion (Table I1). After exer- 
cise all values rapidly returned to pre-exercise 
With small solute loads there was a 20 
to 35 per cent decrease in mannitol and creati 
With large sol- 
creatinine 


levels. 


nine clearance during exercise. 
ute loads 
showed no consistent change. 
was increased by 5 to 15 mOsm. per Kg. by sol- 
ute loading but was little further altered by ex 
ercise. 


mannitol and clearances 


Plasma osmolality 





*UOI}Da][OD aynurw ST UG t 
*UOT}DAT[OO aynuIW QE AUG } 
‘] 319e] Ul pasn soy} sv auies ay} viv sUONeIADIqqy “pe}oU se ydaoxa suOI}Ia]{00 dUIIN aINUIUI CT OM} JO ULI dy} JUaSaidal saNyeA , 


ER 





ws 9S 801 L8 6 $9 99 St 68 OL 16 Z8 “ura /ban ‘AX 
878 —sLSE 86£ 9LS soz‘t $29 882 98¢ $99 = ozs 6SI $79 ‘un /“bat * ASN) 
oor = ET 9ST I¢l 76 rae 80! ell OzI £01 06 06 “epuc /*qus “PD 
vit =«TOT t1l sol L8 £6 LL 6L LS 09 09 bl “sepeee /*puus SP") 
sot 69'l £3 eL'T Let ost cL't 99°T oct 9¢'l es'l te"! d/N 
00% 61's 6£"9 seo O7L 829 $8 ¢ T6°S lr 66'¢ gs'e 06'¢ “ure /-que ‘OF HoL 
£661 69°71 S7'$1 TI'st €9°97 166! SOFT £6°b1 86'LI 9E'sI 8EOI 8e"sl “sages /*yus “™~) 
£671 OSL 98°L 4€2°8 erol elel 07°8 Z0'6 Lo¢el Ler 08"9 8STl “une /*pus “A 
peo] [OyluueUT aZ1e'] 





"W “T 3220fqns “W "V ®efqns 


79 ; ‘unm /“bat “AA 
89 ‘ura / "batt ‘A®NQ) 
sel ; "utue/*jue ‘> 
v6 , "uu / "pus S883) 
917 : ; 867 ‘ ; , ‘ d/n 
91Z £67 ; ; ecteed fal Load ‘OP HoL 
seg 102 lt? Lt ? “urs / "que SM) 
ite | 69° Stl : EL : , “ul /*yue ‘A 
pro] [OJUUeW []BUIS 


ormrnmeo 
NWMON 


— 


— 
eo) 
3) 
wn 
mi 
Go 
% 
fl 
oo) 
° 
&% 
a 
z 
< 
a) 
< 
4 
x 
= 
<< 
m 
pe 
= 
” 
< 
m= 


1 as10s9x4 asloiaxe astoiexq as}oiexe asto1exy asld1axe 
———- “ad “81d - “ad 
98]019x9-380q as1D19x9-780g as!oJaxa-3s0g 


G. 








-NCE 


“L‘L Wealqng ‘W *V ®efqns “y “A 220(q4NS 


« SISA4NIP INOWSO SuLsnp asidsaxa Kavay fo 49a fq 


LAWRIE 


Il FIaVL 





EXERCISE AND RENAL CONCENTRATING MECHANISM 


The effect of exercise on the concentrating 
ability was more difficult to evaluate during an 
osmotic diuresis. From previous studies (13, 
15), an increase in osmotic U/P ratio would be 
expected when osmolal clearance decreases. 
Such an increase in osmotic U/P ratio was 
observed during exercise only in the experiments 
with large mannitol loads. During a_ small 
mannitol diuresis exercise was followed by a 
slight decrease in U/P ratio, although osmolal 
clearance fell markedly. This indication of im- 
pairment of concentrating ability with exercise 
during a small osmotic diuresis but not during a 
large osmotic diuresis is confirmed by examina- 
tion of the relationship between osmolal clear- 
ance and water reabsorption (T°H,O). The data 
are presented graphically in Figure 2 in terms 
of the reciprocal values, 1/T°H,O and 1/Cosm. 
This plot has been selected empirically because 
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Fic. 1. THe Errect or Exercise WitHout Prior 
SoLute Loapinc oN Osmotic U/P Ratio, OsMOoLAL 
CLEARANCE (Cosm), SODIUM ExXcRETION (UnaV) AND 
CREATININE CLEARANCE (Cer) 

Data is plotted for three subjects, R.L. (solid line), 
A.M. (dashed line), and W.A. (dotted line). 
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Fic. 2. THe RELATIONSHIP 
REABSORPTION (T‘°H,.O) 
(Cosm) EXPRESSED AS 
1/Coans 

Upper figures represent two studies during a small 
mannitol diuresis and lower figures two studies during a 
Each point represents a 15 min- 


AND 


THE RECIPROCALS 


large mannitol diuresis. 


ute period. Closed circles represent pre-exercise values, 
half closed circles values during heavy exercise, and open 


circles values after exercise. 


it gives a linear representation of the data and 
has been found to be reproducible with various 
types of solute loading (14). With a small 
osmotic load (upper part of Figure 2) this lin- 
ear relationship was evident as Cosm was in- 
creased from 2 to 5 ml. per minute before exer- 
cise. With exercise both C,.m and T°H,O fell 
abruptly but T°H,O was lower for a given value 
of Cosm, indicating impairment of concentrating 
ability; this change is shown as upward dis- 
placement in the reciprocal plot. With higher 
solute loads there was more scatter in the plot 
relating 1/T°H,O and 1/Cysm but exercise did not 
appear to alter this relationship (lower part of 
Figure 2). 


DISCUSSION 


The present data demonstrate that heavy ex- 
ercise leads to impairment of the concentrating 
ability in hydropenic normal men. This impair- 
ment was observed in experiments without sol- 


ute loading and also during a small osmotic 
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diuresis, but not during a large osmotic diuresis. 
The effect could not be prevented by the admini- 
stration of vasopressin and is therefore con- 
sidered not to be the consequence of a decrease 
in endogenous antidiuretic hormone production. 
It is difficult to ascribe the decrease in osmotic 
U/P ratio to the decrease in total solute ex- 
cretion which occurs with heavy exercise, since 
in most other circumstances an inverse relation- 
ship between U/P ratio and solute excretion is 
observed (13). On marked 
decrease in sodium excretion might be an impor- 


the other hand a 


tant factor, since there is.evidence that active 
sodium transport may be the initial process lead- 
ing to the formation of a concentrated urine (16, 
17). 
ing a large mannitol diuresis there was an abrupt 


When heavy exercise was performed dur- 


decrease in sodium excretion but no impairment 
of concentrating ability. However, the absolute 
rate of sodium excretion during exercise re- 
mained high. 

Another regularly observed concomitant of the 
exercise effect on concentrating ability was a 
decrease in creatinine or mannitol clearance. 
This effect was not observed when exercise was 
conducted during a large mannitol infusion. The 
data, however, are subject to errors due to in- 
complete bladder emptying and dead space ef- 
fects. Presumably, decrease in renal blood flow 
also occurred, since para-aminohippurate clear- 
ance has been shown to decrease progressively 
with increasingly severe exercise (5). Acute 
impairment of concentrating ability has also been 
observed in dogs given hexamethonium (18). In 
these experiments impairment persisted beyond 
the time when solute excretion and renal hemo- 
dynamic changes had returned to control values. 
Such prolonged depression of osmotic U/P ratio 
was also observed after exercise without solute 
loading although this could have been due to renal 
Recently Berliner, Levinsky, 

(19) 


tion in concentrating ability following constric- 


dead space effects. 
Davidson and Eden have noted a_ reduc- 
tion of the renal artery in dogs. 

Several mechanisms for impairment of con- 
centrating ability are suggested by these experi- 
mental 


nism would be impairment due to reduction of 


results. Perhaps the simplest mecha- 
the supply of oxygen to the active transport 


system at the concentrating site. In a few experi- 


ments we have not found impairment of concen- 
trating ability in subjects breathing 10 per cent 
oxygen. However, there was renal vasodilata- 
tion which may have compensated for the lower O, 
tension. If the concentrating mechanism operates 
by establishing a high sodium and urea concen- 
tration in the renal medulla leading to the pas- 
sive reabsorption of water from the collecting 
tubules then the supply of these solutes will be a 
limiting factor in concentrating ability. This 
supply can be reduced both by decreased filtra- 
tion and by increased proximal reabsorption. A 
reduced flow rate in Henle’s loops might also 


impair the hairpin countercurrent mechanism 


postulated by Wirz, Hargitay and Kuhn (20-22) 
for concentrating the fluid in these loops. Fi- 
nally the slowing of blood flow through the renal 
medullary capillaries could impair concentrating 
ability if these vessels provide the only means for 


returning water reabsorbed from the collecting 
ducts to the circulation. There is at present no 
evidence which would lead to the selection of one 
of these alternatives as the cause of impaired 


renal concentrating ability after exercise. 


SUMMARY 


Heavy exercise causes impairment of concen- 
trating ability and a decrease in creatinine and 
mannitol clearance in hydropenic men who are 
studied withov: prior solute loading or during a 
small mannitol diuresis. During a large man- 
nitol diuresis there is no distinct change in con- 
centrating ability or in creatinine and mannitol 
clearance with exercise. In all three groups ex- 
ercise causes an abrupt decrease in total solute 
excretion and particularly in sodium excretion. 
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Human blood contains an inactive proteolytic 
enzyme, plasminogen, which may be converted 
in vitro to its active form, plasmin, either spon- 
taneously or by the addition of various agents 
(1). A believed to occur 
in vivo after exposure to a variety of noxious 
circumstances (2-6). 
the hydrolysis of corticotropin A (7), it is pos- 
that the 
vation of plasmin will result also in an increase 


is 


similar activation 
Since plasmin catalyzes 


sible circumstances which induce acti- 
in the rate of destruction of adrenocorticotropic 
(ACTH) and other polypeptide hormones. 

The present study was designed to determine 


the in vitro hydrolytic action of human_ blood 


* Aided by grants from the National Institutes of 
Health, United States Public Health Service (A-1409), 
and Merck and Company, Inc. 


plasma on ACTH, somatotropin, glucagon and 
insulin before and after the conversion of plas- 
minogen to plasmin by streptokinase. 


METHODS 


Human blood plasma prepared from freshly drawn 
heparinized venous blood, from 
fresh plasma by Milstone’s procedure (8), and two differ- 


plasminogen prepared 


ent preparations of plasmin (9, 10) were employed in 
this study. A preparation of streptokinase (SK) which 
contained approximately 4,000 units per mg. was used 
to activate the conversion of plasminogen to plasmin. 
Crystalline glucagon (molecular weight [M. W.]= 4,000), 
a preparation of ACTH which assayed 5.3 units per mg. 
(assumed M. W.= 10,000), glucagon-free insulin (as- 
sumed M. W.= 12,000) and a preparation of somatotropin 
(assumed M. W.= 46,800) substrates. 
Substrates labeled with I’ by the method described by 
Jauman, Rothschild, Yalow and Berson (11) were used 


were used as 


as tracers in a mixture with unlabeled substrate. 
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THE DEGRADATION OF GLUCAGON, ADRENOCORTICOTROPIN AND SOMATO- 


TROPIN BY NATIVE PLASMA AND BY STREPTOKINASE-ACTIVATED PLASMA 


The per cent (mean plus or minus standard error) degraded at each interval was 


computed as indicated in text. 
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Fic. 2. THe DEGRADATION OF GLUCAGON, ADRENOCORTICOTROPIN, SOMATO- 
TROPIN AND INSULIN BY CRUDE PLASMINOGEN, STREPTOKINASE-ACTIVATED 
PLASMINOGEN AND STREPTOKINASE-ACTIVATED PLASMINOGEN IN THE PRES- 
ENCE OF CRYSTALLINE SOYBEAN TRYPSIN INHIBITOR 

The per cent (mean plus or minus standard error) degraded during a 90 
minute period of incubation was computed as indicated in text. 
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Fic. 3. DEGRADATION OF VARIOUS CONCENTRATIONS OF GLUCAGON, ADRENOCORTICO- 
TROPIN, SOMATOTROPIN AND INSULIN BY STREPTOKINASE-ACTIVATED PLASMINOGEN 

The quantity of protein degraded was computed from the TCA soluble radio 
activity after incubation for 60 minutes at 37° C. 
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The activity of human plasma was determined by in- 
cubating 1 ml. plasma with 0.2 «1M or more of the sub- 
strate containing tracer quantities of labeled substrate in 
0.5 ml. McIlvaine buffer (12) at pH 7.8 and 0.5 ml. 
buffer containing 1,000 units streptokinase. Each sub- 
strate was incubated with an aliquot of the same sample 
of plasma. The mixtures were incubated in test tubes in 
a Dubnoff shaker at 37° C. At designated intervals the 
reaction was stopped by the addition of an equal volume 
of 10 per cent trichloracetic acid (TCA) to the appropri- 
ate tubes. One set of controls, designated to assess any 
preformed proteolytic activity of the plasma, contained 
plasma and substrate but the streptokinase was added 
after the TCA. 
incubation of the substrate with streptokinase and the ad- 
dition of the plasma after the precipitation with TCA. 
The radioactivity of the whole TCA precipitated incuba- 
tion mixture and of the TCA soluble portion were as- 
sayed in a well-type scintillation counter and after ap- 


A second set of controls consisted of 


propriate corrections the degradation of each substrate 
was computed as described previously (13). 

Crude plasminogen was prepared by precipitating the 
euglobin fraction of fresh human blood plasma with 19 
volumes of distilled water and adjusting to pH 5.2 with 
0.5 per cent acetic acid. The mixture was centrifuged 
and the precipitate from two volumes plasma was re- 
suspended in one volume of Mcllvaine’s buffer. Each 
incubation mixture consisted of 1 ml. of the euglobulin 
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solution, 0.5 ml. buffer containing 0.2 4M or more of 
the mixture of labeled and unlabeled substrate, and 0.5 
ml. McIlvaine buffer at pH 7.8. In a second set of tubes 
with the same mixture, the buffer contained 1,000 units 
streptokinase. In a third set of tubes consisting of the 
same volumes of plasminogen, substrate and streptokinase, 
the buffer also contained 2.4 mg. of five times crystallized 
soybean trypsin inhibitor. At designated intervals the 
incubation mixture was precipitated with an equal vol- 
ume of 10 per cent TCA. The proportion of the substrate 
which became TCA soluble was determined as above. 

In order to establish that the rate at which a substrate 
yielded TCA fragments represents 
the rate of its hydrolysis, the same concentration of plas- 
minogen was incubated with 1 uM of each substrate and 
the rate of release of TCA soluble radioactive fragments 
and the increase in the optical density at 280 mu were de- 
termined on the same filtrates. 

The effect of human plasmin on the degradation of the 
various proteins was determined by incubating 1 ml. 
plasmin solution (from 0.2 to 0.5 mg. in 1 ml. MclIlvaine’s 
buffer) with 1 ml. buffer containing from 0.1 to 1.0 uM 
of the mixture of labeled and unlabeled substrate. 


soluble radioactive 


RESULTS 


Incubation of fresh native plasma (final con- 
centration, 0.5 ml. per ml. incubation mixture) 
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Fic. 4. 


DEGRADATION OF GLUCAGON, ADRENOCORTICOTROPIN AND SOMATOTROPIN BY 


STREPTOKINASE-ACTIVATED CRUDE PLASMINOGEN AS MEASURED BY THE INCREASE IN 
TCA SoLus_eE RADIOACTIVE FRAGMENTS AND THE OpticaL Density AT 280 Mu 


The quantity of protein degraded was computed as indicated in text. 
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HORMONES BY 
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Somatotropin 
60 
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DEGRADATION OF GLUCAGON AND OF SOMATOTROPIN BY STREPTOKINASE-ACTIVATED PLASMA 


Radioautographs of descending chromatograms of aliquots (100) of incubation mixtures removed at designated 


intervals, streaked on paper and chromatographed as indicated in text. 


low the point at which the aliquots were streaked. 


with insulin (final concentration, 0.1 4M per ml. 


incubation mixture) produced an_ insignificant 
effect on the degradation of insulin during the 
hour The maximum 


change that was found with nine different samples 


two incubation period. 
of plasma was 0.9 per cent which is well within 
the error of the procedure; the mean plus or 
minus standard error was 0.3+0.4 per cent. 
Of questionable significance also was the effect 
of the same concentration of native plasma on the 
degradation of ACTH and somatotropin (Fig- 
ure 1). 
however, occurred when glucagon was incubated 


A more significant rate of degradation, 


with samples of the same native plasma. 
Incubation with streptokinase alone produced 


The radioautographs were cut just be- 


no degradation of the four hormones. In the 
presence of both plasma and streptokinase there 
was a marked increase in the rate at which 
ACTH, somatotropin and especially glucagon 
were degraded (Figure 1). The degradation 
of insulin, however, was not influenced appreci- 
ably, the maximum increase at the end of two 
hours being only 1.4 per cent with a mean plus 
or minus standard error of 0.6 + 0.5 per cent. 

The effect of the 
proteins (final concentration, 0.1 »M per mi. 


incubation mixture) with plasminogen alone (fi- 


incubation of the various 


nal concentration equivalent to 1 ml. plasma per 


ml. incubation mixture) and with plasminogen 


plus streptokinase is illustrated in Figure 2. 
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Plasminogen alone produced no appreciable ef- 


fect on the destruction of insulin which in six 
experiments showed a maximum degradation of 
t S.E., 0.9 +08 per cent) 


at the end of the 90 minute incubation period. 


1.3 per cent (mean 


The presence of streptokinase did not influence 
the effect of the action of plasminogen on insulin. 
Even with a 10-fold increase in the concentration 
of plasminogen or with a prolongation of the in- 
cubation period to 72 hours there was no ap- 
preciable increase in the quantity of insulin de- 
stroyed over that obtained in two hours. 

Whereas the plasminogen preparation alone 
produced a slight destruction of ACTH (mean 
* S.E., 1.7 + 1.6 per cent) and of somatotropin 
(mean +S.E., 1.7 +1.6), a more significant 
degradation of glucagon occurred (mean + S.E., 
6.7 + 2.7 per cent) by the end of the 90 minute 
incubation period. In contrast to the effect on 
insulin, the addition of streptokinase to the incu- 
bation mixture resulted in a marked accelera- 
tion in the rate of degradation of ACTH, soma- 
totropin and glucagon. This effect was inhibited 
in the presence of crystallized soybean trypsin 
inhibitor (Figure 2). 

The effect of varying the concentration on the 
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degradation of the different substrates by strep- 
tokinase-activated euglobulin fraction (equiv- 
alent to 1 ml. plasma per ml. incubation mixture ) 
is illustrated in Figure 3. It is apparent that at 
all concentrations tested, the rate of degradation 
of each hormone remained essentially constant. 
In order to establish that the increase in the 
TCA soluble radioactive fragments is due to the 
hydrolysis of the labeled proteins, the effect of 
the incubation of streptokinase-activated _ plas- 
minegen (equivalent to 1 ml. plasma per ml. 
incubation mixture) with the various proteins (1.0 
uM per mi. incubation mixture) on the optical 
density at 280 TCA filtrate 
It is evident from Figure 4 that con- 
comitant with the amount of protein degraded, as 


mp of the was 


studied. 


calculated from the per cent of the total radio- 
activity that became TCA soluble, there was an 
increase in the optical density. Additional con- 
firmation of proteolysis was obtained from radio- 
autographs of chromatograms of the TCA soluble 
fraction (Figure 5) prepared according to the 
technique of Tong, Taurog and Chaikoff (14). 
Purified human plasmin, like the streptokinase- 
activated plasma and the streptokinase-activated 
plasminogen, produced no appreciable destruc- 
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Fic. 6. 
SOMATOTROPIN BY 


HOURS 


DEGRADATION OF INSULIN, GLUCAGON, ADRENOCORTICOTROPIN AND 
Purtriep HUMAN PLASMIN 


The per cent degraded at each interval was computed as indicated in text. 





DESTRUCTION OF 


tion of insulin even after incubation for 24 hours. 
Glucagon and ACTH, however, were rapidly 
destroyed by the plasmin while somatotropin was 
Typical of the data 
obtained with the two preparations of purified 


destroyed at a slower rate. 


plasmin used in this study are the data illu- 
strated in Figure 6. 


DISCUSSION 


The data reported herein reveal that insulin 
is not degraded in vitro by native human plasma, 
streptokinase-activated plasma, streptokinase-acti- 
vated plasminogen or purified human plasmin. 
Glucagon, ACTH and somatotropin, however, are 
hydrolyzed to some degree by native plasma and 
at a much greater rate by streptokinase-activated 
plasma, streptokinase-activated plasminogen and 
plasmin. The relatively low rate of destruction 
produced by native plasma does not contradict 
the conclusions of Badrick, Halkerston 
and Plaice (15) and of Pincus, Hopkins and 
Hechter (16) that ACTH is inactivated by hu- 
man Thus, 
found that about 90 per cent of the activity of 
ACTH is destroyed after one hour incubation 
of 0.002 to 0.004 International unit per ml. of 
This rate of inactivation is within 


Reiss, 


plasma. Pincus and co-workers 


human plasma. 
the range of the degradation observed herein 
since the incubation of approximately five units 
ACTH with 0.5 ml. plasma for two hours re- 
sulted in the degradation of the equivalent of 
from 0.1 to 0.2 unit. 

The conversion of plasminogen to plasmin by 
streptokinase appears to be relatively specific to 
human blood (1) in that the plasminogen in 
native human plasma is readily activated by 
amounts of streptokinase which are without ef- 
fect on the plasma of many subhuman species (17). 
This relative specificity is believed to be due to 
a “proactivator” which is presumed to be present 
in large concentrations only in human plasma 
(i, 3B 99). 
glucagon, ACTH and somatotropin by streptoki- 


Accordingly, the destruction of 


nase-activated human plasma and _ streptokinase- 
activated plasminogen may be due to the resul- 
tant plasmin as proposed by White and Gross 
as the mechanism responsible for the destruction 
of ACTH by plasma (7). In accord is the in- 


hibitory action of crystallized soybean trypsin 


inhibitor on streptokinase-activated plasminogen. 


HORMONES BY 


HUMAN PLASMA 19 
The relatively low activity of native plasma may 
be attributed to the spontaneous conversion of 
some plasminogen to plasmin during the process 
of drawing the blood and separating the plasma. 

The fact that the hydrolytic activity of the 
streptokinase-activated plasma was not completely 
inhibited by the quantities of soybean trypsin 
that 
glucagon was not stable under the conditions of 


inhibitor used herein suggests either the 
the assay or that some other proteolytic enzyme 
is also present in the plasma. It is pertinent to 
note, however, that even though a complete in- 
hibition of proteolysis can be produced with 
larger quantities of soybean inhibitor, the pos- 
sibility that another proteolytic system is also 
present is not eliminated because of the fact that 
soybean trypsin inhibitor is not very specific in its 
inhibition of proteolytic enzymes. 

Plasmin has been shown to hydrolyze syn- 
thetic substrates such as arginine and lysine esters 
(20). 


gested by 


The same apparent specificity is sug- 
its action on corticotropin A (7) 
which is split after arginine in the sequence 

_ Arg. Try. 

8 9 
and after lysine in the sequence 
—-- Lys. Lys. Arg. Arg. (Pro. Val.) 
t 16 17 18 19 20 

Plasmin, however, did not hydrolyze the bond 
after lysine in position 21 

(—-—-— Lys. Val. 

Zl 4622 

which may reflect a specificity requirement 1n- 
volving the amino-bearing residue of the bond 
attacked and also explain the failure to hydro- 
lyze the linkage after arginine in position 18. If 
plasmin has the same type of action on other 
peptide hormones, then glucagon, the structure 
of which has been described by Bromer, Sinn, 
Staub and Behrens (21), may be split after ly- 


sine in the sequence 


but not after arginine in the sequence 

\rg. Arg. 

17 18 
Likewise, it could be anticipated that the B chain 
of insulin (22), if at all hydrolyzed, would split 
after arginine in the sequence 

Aron Gly. 


22°23 





20 I. ARTHUR MIRSKY, GLADYS PERISUTTI, AND NEIL C. DAVIS 


or after lysine in the sequence 


—— Lys. Ala. - 


29-30 


and release at best only one I'*! tagged tyrosine 


residue. The demonstration that insulin is not 
hydrolyzed by plasmin, however, suggests that 
the configuration of the intact molecule protects 
the aforementioned bonds. 

As indicated at the outset, exposure to a va- 
riety of noxious stimuli may result in the con- 
version of plasminogen to plasmin im vivo. Ac- 
cordingly, it may be postulated that such exposure 
may result in an increase in the rate of destruc- 
tion of circulating glucagon, ACTH and somato- 
tropin. Whether such an increase plays a signifi- 
cant role in the destruction of the various 
hormones by the intact organism remains un- 
known. 

SUMMARY 


Studies with native human plasma, the crude 
euglobulin fraction (plasminogen) of such plasma, 
streptokinase-activated plasma, streptokinase-acti- 
vated plasminogen and purified human plasmin 
indicate that glucagon, adrenocorticotropin and 
somatotropin are very susceptible to hydrolysis 
by plasmin while insulin is resistant to such action. 
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The mechanism of potassium excretion by the 
kidney has been investigated in a number of 
species (1, 2). Although much information has 
been deduced from these studies, including an 
analysis of the probable intra- and_ peritubular 
events the results 
has often been complicated by extrarenal effects 
induced by In 
order to obviate these difficulties and to provide 
information on the role of alterations in the peri- 


involved, interpretation of 


the experimental procedures. 


tubular concentrations of electrolytes in the proc- 
ess, some of the phenomena relating to the renal 
excretion of potassium have been reinvestigated in 
a direct fashion in the chicken. 

Chickens possess a functioning renal-portal cir- 
culation (3). Blood from the leg vein drains 
directly into the postglomerular peritubular ves- 
sels on that side, and then enters the systemic 
The glomerulus 
It is 
possible to investigate agents which exert effects 


circulation via the vena cava. 
is thereby bypassed in the first circulation. 


on tubule cells by administering the test sub- 


stance in one leg and comparing urine from the 
kidney of the infused side with that from the con- 
tralateral kidney which serves as a control. This 
procedure, originally devised by Sperber (4), 
It 


permits one to achieve concentrations of test 


minimizes the role of glomerular filtration. 


substance in peritubular blood of the experimental 
side which would be lethal in the systemic cir- 
culation. Furthermore the concentration of test 
substance on the injected side is always greater 
than in peritubular blood of the contralateral 
control kidney. 


METHODS 


Rhode Island Red hens weighing approximately 2 to 4 
Kg. each were used in all studies. The procedure was es- 
sentially that of Sperber (4). Animals were suspended 
in the upright position in a cloth sling. Food was with- 
drawn for 12 to 18 hours prior to all studies. To insure 
adequacy of urine flow in control periods, 80 to 100 ml. 


21 


of water was administered by crop tube at the beginning 
of each study. 

All solutions were administered intravenously by means 
of a Bowman constant infusion pump. Infusions into 
the renal-portal venous system of the experimental side 
were introduced by means of a polyethylene catheter in 
the saphenous vein of that side. Infusions directly into 
the systemic circulation were administered through the 
wing vein. 

Urine was collected separately from each ureter by 
means of small polyethylene funnels sewn directly over 
the individual ureteral openings in the cloaca. Urine 
from the kidney of the injected side is referred to in 
tables and figures as being from the ‘experimental side” ; 
that from the contralateral kidney, the “control side.” 
Blood for analyses was drawn into oiled heparinized 
syringes at the midpoint of alternate periods from either 
the leg, wing or neck veins 

Glomerular filtration rate was estimated by the clear 
ance of inulin. The clearance of inulin was independent 
of the site of infusion when the inulin was infused into 
either of the leg veins or directly into the systemic cir 
culation via the wing vein. 

Renal plasma flow was measured by the clearance of 
para-aminohippurate (PAH) 
mately 50 ml. per minute per side in 2 Kg. 
Solutions of PAH were injected into the wing vein. 


This averaged approxi 


chickens 


Inulin was measured in plasma and urine by the method 
of Walser, Orloff PAH in either 
whole blood or plasma and urine by the method of Brat 
ton and Marshall (6). 
and urine were determined by 
chloride by a modified Volhard titration or potentiometry 
C7) 
Model G pH meter at room temperature or in a Cam 
Total CO 
was determined by the method of Van Slyke and Neill 
(8). 


The peritubular concentration of 


Davidson and (5) 
Sodium and potassium in plasma 
flame photometry, urine 


The pH of urine was measured in a Beckman 


bridge Research model pH meter at 37° C. 


potassium was esti 
mated as the sum of the peripheral venous potassium 


concentration plus 


potassium injected (uM per minute) , 


renal plasma flow (ml. per minute) © 


1 The calculation of the peritubular concentration of 
It has not been 
the 
precise volume flow of peritubular plasma; consequently, 


potassium is only a first approximation 


possible to determine with any degree of accuracy 
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rABLE I 


Effect of K2SO, on electrolyte excretion 


Control kidney 
Plasma alicia eanbaainieaipeainaibicatte 
. UnsV UKV UciV 
wEgq./min 


GFR pH 
ml./min. 


lime 
min mEq./L 


Experimental kidney 

P.Ti A Ne a a aA ce 

“uj GFR pH UnaV UxKV UciV 
ml./min. pEgq./min. 


K E/F* 
mEq./L. 


30 Infuse 1.5 mg./min. inulin in 5% dextrose in H2O at .22 ml./min. into wing vein. 


Priming inulin 160 mg. 
3.3 7.0 5.76 ; 3 
3.3 6.0 5.74 si 
3.3 6.0 5.48 ] 


.21 3.3 
19 3.3 
19 2 Fe 


8 
85 
5 


50 Infuse 100 wM/min. of K.SO, into leg vein (experimental side) 


5.05 12 9 ] 
46 21 30 2 
71 30 50 10 
19 36 55 14 
74 38 70 19 
75 49 84 28 


55-65 4.3 
5-78 4. 
78-89 
89-99 
109 
120 


mu te be 


NN bt WoO 
mann 


110 


> 


* E/F is the ratio of excreted to filtered potassium 
t P-T refers to peritubular plasma K* concentration. 


RESULTS 
The effect of the infusion of potassium 


The infusion of potassium into one leg vein 
uniformly resulted in an increase in the rates of 
excretion of potassium, sodium and_ chloride. 
The effects were more marked on the side of the 
infusion (experimental kidney, Table 1), due to 
the higher concentration of potassium in the peri- 
tubular blood of that side. In the study illus- 
trated, urine pH rose and remained elevated on 
below ) 


fol- 


the experimental side. In others (see 


an initial unilateral rise in urine pH was 
lowed by a decrease to or below control values. 
The excretion of potassium exceeded that filtered 
in Periods 4 through Y on the experimental side 
and Periods 5 through 9 on the control side, evi- 
dence that potassium is secreted in the chicken 
as in other species examined. However unlike 
the situation in dog and man in which prior ad- 
ministration of potassium for a few days is gen- 
erally necessary to elicit net secretion, the infu- 
sion of potassium into the leg vein of a chicken 
uniformly evokes this response. 

Figure 1 illustrates the relationship between 
potassium excretion and the concentration of po- 
tassium in peritubular plasma. It can be 
that the 
tion of plasma concentration. 
dent in Table I. 


seen 


rate of excretion is not a linear func- 
This is also evi- 


At high plasma concentrations 


total renal plasma flow has been used as an estimate of 
the minute volume of distribution of injected potassium. 


42 
44 
.83 
.98 
31 
30 


6.06 
6.76 
6.88 
6.19 
6.69 
6.82 


mm OOOO 
wicuwn 

—) o_ 
WWM BH Wwe 
ors ENO 
Whom OAs=7 


— = 
A 
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Nm 


potassium excretion approaches a maximal rate 
which is relatively constant and only minimally 
affected by acute alterations in tubular load. In 
the study illustrated (Figure 1), 100 »M per 
minute of potassium sulfate was injected into the 
leg vein. Potassium excretion increased rapidly 
at first, reached a maximum of approximately 
65 pEq. per minute and remained at this value 
despite a progressive increase in the calculated 
concentration of potassium in peritubular plasma 
from 9 to 12 wEgq. per mi. No significant change 
in renal blood flow occurred on the experimental 
Blood flow averaged 53.3 ml. per minute 
in the control periods and 52.1 during the ad- 
The rate of potassium 


side. 


ministration of potassium. 
excretion rose on the control side as well, reach- 
ing approximately the same rate when the peripheral 
venous plasma concentration was also 9 pkq. 
per ml, denoting that the tubular load on the 
control side was now equivalent to that at which 
“saturation” was achieved on the experimental 
side. Similar results were noted in three other 
studies. The rate of change of potassium ex- 
cretion decreased markedly at high levels, ap- 
proaching a limiting value in all studies. Changes 
in renal blood flow on this side were variable. 
In one, blood flow rose 25 per cent during the 
course of the infusion, in two a significant de- 
crease occurred (43 and 9 per cent, respectively). 
Potassium continued to rise on the 
control side despite similar changes in blood flow. 
Acute increases in the rate of potassium adminis- 


excretion 
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Fic. 1. THE RELATIONSHIP BETWEEN THE EXCRETION OF POTASSIUM AND 
THE PERITUBULAR CONCENTRATION OF POTASSIUM IN PLASMA 
Continuous lines are for the experimental kidney; broken lines, control 
kidney. 
Reprinted with permission of the University of Wisconsin Press, from 
Metabolic Aspects of Transport Across Cell Membranes, Q. R. Murphy, Ed., 
1957, p. 216. 


tration from 200 to 300 wEq. per minute did not At least one step in the process is apparently rate- 
alter the steady state excretion by more than 10 limiting and capable of saturation 
wEq. per minute. It is apparent from these data In the experiments noted in Table I and Fig- 


that the accumulation of potassium in urine is ure 1, potassium was administered as the sulfate 


not a consequence of simple diffusion from plasma. salt. Results were qualitatively the same with 


fABLE II 


Effect of NazSO, on electrolyte excretion 


Control kidney Experimental! kidney 
Time pH UnaV UKkV pH UnaV 
min, wEgq./min pEq./min 
— 100 Infuse 1.5 mg./min. inulin in 5% dextrose in H.O at 0.25 ml /min 
into wing vein. Priming inulin 150 mg. 


100-116 5.47 6 5 5.36 7 
116-131 5.38 10 6 5.08 6 
131-156 5.16 10 4 az 10 


157 Infuse 100 «M/min. Na2SO, into leg vein (experimental side) 


157-184 4.71 12 t 4.68 14 
185-203 4.85 14 . 4.70 16 
203-231 4.73 18 : 4.70 11 
231-244 4.74 21 ; 20 
249-272 sae 16 ‘ 27 
272-284 : 23 : 4.: 21 


mann 


fp 
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TABLE 
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Effect of acetazoleamide on electrolyte excretion 


Control kidney 


Time 


min 


GFR 
ml./min 


pH 


0 Infuse 150 mg. inulin prime 


UnaV 
pkg 


Experimental kidney 


Peri 
tubule K GFR 


mEq./L. ml./min. 


UnaV UK 
wEgq./min. 


UkV 


min 


pH 


0 Infuse 1.5 mg./min. inulin, 100 «M/min. K.SO, into leg vein (experimental side) 


5.94 1 
6.63 
5.98 
6.23 
6.04 
5.83 
6.13 


9-19 
20-40 
43-56 
57-63 
63-69 
69-77 
78-86 


oto 
mn 
ar 


NNSA 
aaa aa : 
Wwwww w > 


~sIe bo 
wn 
we Hw ho 


Infuse acetazoleamide, 5 mg./Kg./hr 
3.4 6 
6 
6 


6 


37 
13 
10) 
33 


48 


—) 
Nunn Un 
we Ww Ow 


chloride although the absolute rates of 
The ad- 


potassium 
potassium excretion were not as great. 
ministration of equimolar amounts of sodium sul- 
fate into one leg (Table I1) resulted in no uni- 
lateral changes in urine composition; nor was 
any effect on potassium excretion demonstrable, 
indicating 1) the absence of a specific effect of 


sulfate ion on potassium transport, and 2), 


in- 
directly, that sulfate ion enters the urine largely, 
if not entirely, through the glomerulus. Similar 
results were noted in two other studies 

The administration of a carbonic anhydrase 
inhibitor, acetazoleamide, elicits a response in the 
chicken (9) essentially similar to that observed 
in dog and man (10, 11). Five mg. per Kg. 
per hour of acetazoleamide increases the excre- 
tion of potassium, sodium and bicarbonate, and 
elevates urine pH during the infusion of sodium 
Table III illustrates the effect of this 
dose on potassium excretion when the latter has 


chloride. 


been augmented to high rates by the prior ad- 
ministration of potassium sulfate. The adminis- 
tration of acetazoleamide was associated with an 
increase in potassium excretion on the experi- 
mental side of only 10 »k-q. per minute, a rise no 
greater than that occasionally observed in studies 
in which the rate of potassium infusion is acutely 
increased from 200 to 300 pléq. per minute (see 
above). A somewhat greater augmentation of 
potassium excretion was observed on the control 


side. In one other study acetazoleamide did not 


into leg 


40 7.9 
41 9. 
47 
59 
57 
65 
68 


4.0 
3.0 


NRNeNNHe 
wr © & & 
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vein (experimental side) 
1 92 
93 
87 
93 
99 


75 l 
94 1. 
82 1 
1 
1- 


Roe = IN 


83 
95 


Oe WW te 


Noss s 


Ui dt bo bo 


elevate potassium excretion on the experimental 
side above the “maximal” rate induced by po- 
tassium sulfate administration despite a clearcut 
rise on the control side. It may be concluded that 
acetazoleamide is incapable of appreciably af- 
fecting the transport system for potassium once 
it has been “saturated” by prior injection of po- 
tassium.° 

Alkalinization of the urine following the ad- 
ministration of the 
chicken (Table I, Figure 2*) as in dog and man 
(10, 12, 13). The decrease in hydrogen ion 
concentration 
tassium excretion and is presumably a_ conse- 


potassium is observed in 


is associated with a rise in po- 
quence of the competitive nature of the mecha- 
nism by which hydrogen and potassium ions are 
secreted in exchange for sodium. This has been 
in detail (10). The 


portance of one other factor, the filtered load of 


discussed elsewhere im- 
bicarbonate, in the determination of urine pH is 
illustrated in Figure 2. Since bicarbonate reab- 
sorption is effected by hydrogen ion secretion 


2 It was not possible to demonstrate a unilateral effect of 
the inhibitor on urine composition when the drug was 
administered continuously. However, if urine was col- 
lected continuously by catheter irrigation, transient (10 
to 15 minute) unilateral alkalinization on the infused side 
was noted when a single injection of 0.5 mg. of acetazole 
amide was administered. It is apparent from this that the 
drug need not be filtered to exert its effect and may pene 
trate tubule cells from the contraluminal side. 


3 The data are from the same study as Figure 1. 
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Fic. 2. 


EFFECT OF THE INFUSION OF K,SO, INTO THE LEG VEIN OF A 


CHICKEN ON THE EXCRETION OF POTASSIUM, URINE PH, AND PLASMA TOTAL 


CO, CoNCENTRATION 


(14), a reduction in plasma bicarbonate insofar 
as it decreases the load of bicarbonate claiming 
reabsorption, will diminish the total hydrogen 
ion requirement for this process. Consequently 
a secondary fall in urine pH, as noted in Figure 
2, may supervene as a result of the development 


of metabolic acidosis, despite a decrease in hy- 


drogen ion secretion. Similar changes in plasma 


bicarbonate concentration and urine pH following 
injection of potassium have been observed in the 


rat and dog (15, 16). Metabolic acidosis presum- 


ably develops as a result of the extrusion of hydro- 
gen ions from muscle and other nonrenal tissue 
cells in exchange for entering potassium (17-19) 
as well as to the loss of bicarbonate in the urine 


(20). 
Effect of alterations in peritubular pCO, 


Respiratory modifications of acid-base balance 
are known to affect the excretion of potassium 
\n in 


concentration de 


and hydrogen ions (21-24). increase 


urine hydrogen ion and a 


TABLE IV 


Effect of local rise in pCO2 on K* excretion and urine pH 


Control kidney 


Plasma 
flow 
mEq./L. ml./min, 


Plasma 
Time K* pH 


min. 


—50 
0-8 4.3 
8-16 eS 
16-25 


Infuse 200 wEq. 
44 
47 
Es 47 
6 38 
30 
34-44 
44-53 


54-63 
63-70 


8.3 36 
8.8 
9.3 
9.6 


* P-T refers to peritubular plasma K* concentration. 


min. KeSO, into leg vein 


Infuse 300 uM /min. acetic acid into leg vein. 


UkV 


wEq./min 


experimental side 
9.6 
10.6 
12.9 
14.8 


49 


Continue K.SO, 


6 
5 
)? 
? 


l 
I 
15.2 
1 
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crease in potassium excretion have been observed 
in respiratory acidosis, and the converse in alka- 
losis. The effects are thought to be secondary to 
alterations in renal tubule cell pCO, conditioned 
by parallel changes in the pCO, of renal blood 
and interstitial tissue. The rise in intracellular 
pCO, and hydrogen ion concentration in respira- 
tory acidosis accelerates the transfer of hydrogen 
ion into urine, inhibiting the transfer of potas- 
sium in the process. Analogous effects due to 
local changes in peritubular pCO, are illustrated 
Po- 


tassium sulfate was injected into one leg vein. 


in the experiment detailed in Table IV. 


This, as always, resulted in a marked augmenta- 
tion of potassium excretion on that side and a 
After 
80 minutes, 300 »M per minute of acetic acid was 
added to the 
prompt decrease in potassium excretion and a 


fall in urine hydrogen ion concentration. 


potassium sulfate infusion. <A 
rise in urine hydrogen ion concentration occurred 
on the experimental \Ithough 
(plasma total CO, 17 to 18 mEq. per L.) due 
to the administration of potassium was _ present 


side. acidosis 


prior to the infusion of acetic acid, the urinary 
effects are clearly due to a rise in the pCO, of 
the peritubular tissue and are not conditioned by 
changes in systemic acid-base balance. Subse- 


quent conversion of acetate to bicarbonate ap- 


parently prevents the development of a greater 


rABLI 


degree of metabolic acidosis. Similar results 
were observed in five other studies. The rise 
in H,CO, concentration and pCO, of peritubu- 
lar plasma is due to the interaction of acetic with 
bicarbonate in blood. The CO, excess escapes 
into the first capillary bed to which the blood is 
delivered, that of the peritubular region, and 
since CO, is freely diffusible there is a con- 
comitant rise in tubule cell pCO, and hydrogen 
ion concentration. Addition of hydrochloric acid 
to renal portal venous blood evokes the same re- 
sponse. Local tubule cell “respiratory” acidosis 
occurs as with acetic acid, although in this in- 
stance it is probable that a greater degree of 
systemic metabolic acidosis develops. 

The converse experiment, addition of sodium 
hydroxide to saphenous vein blood to lower the 
pCO, of the cells, was generally unsatisfactory. 
The experiments were frequently lethal and it 
was not possible to demonstrate an unequivocal 
effect. marked rise 

bicarbonate filtered 
alka- 


unilateral Furthermore, a 


in plasma (and therefore 


load of bicarbonate) resulted in bilateral 


linization of the urine and kaluresis, not unlike 
that noted when an infusion of sodium bicarbonate 
is administered into wing vein. 

urine is not 


Unilateral alkalinization of the 


observed if sodium bicarbonate is introduced 


into the renal portal circulation although this has 


v 


Effect of Salyrgan® on electrolyte excretion 


Control kidney 


UkV UnaV 
pkeq./min 


Experimental kidney 


UkV UnaV 
pEq./min, 


Infuse 100 uM /min. KCI into leg vein (experimental side) 


0 18 9 
31-4 18 9 d 
17 16 10 6 


0 17 2 
2 18 3 
4 18 3 


> 


1 
1 
1 


88 Infuse 0.3 ml. Salyrgan® followed by .005 ml./min. into wing vein. 


Continue KCl 


82-101 19 
101-108 18 
108-113 20 

23 


* Filtered K* = GFR X plasma K* concentration. 


18 
12 
11 
11 
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been reported in the frog (25). Instead, bi- 
lateral alkalinization and kaluresis develop when 
the filtered load of bicarbonate rises. This oc- 
curs despite the fact that the pCO, on the infused 
side is undoubtedly somewhat greater than on the 
control side. However, if the pCO, is further 
elevated by addition of acetic acid, the usual 
reduction in potassium excretion is noted. 


Effect of Salyrgan® 


Direct and reversible inhibition of potassium 
excretion by mercurial diuretics has been ob- 
served repeatedly (2, 26). Whether this 
due to enhanced reabsorption of potassium or 
not been en- 


is 
diminished secretion or both has 
tirely clear. Furthermore, mercury does not de- 
press potassium excretion under all circumstances 
in these species, complicating the interpretation 
of results. These difficulties are not encountered 
in the chicken. The filtration fraction is so low 
(0.05) that the potential contribution of filtered 
and nonreabsorbed potassium to that excreted is 
minimal. Also, mercury uniformly depresses po- 
tassium excretion in this animal, irrespective of 
the initial rate of excretion. 

The effect of Salyrgan® is illustrated in Table 
V. Potassium excretion was initially augmented 
by the injection of potassium chloride. The in- 
jection of 0.3 ml. Salyrgan® caused a rapid fall 


in potassium excretion which was reversed by 20 
mg. dimercaprol [BAL (British anti-Lewisite) ]. 


The decrement in potassium excretion was 
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greater than could be accounted for by increased 
reabsorption, clearly denoting that the mercurial 
interfered with the secretory process. 

In contrast to studies in dog and man in which 
inercury increases potassium excretion when it is 
initially low (26), in the chicken Salyrgan® in- 
terferes with excretion under these circumstances 
as well. In the study illustrated in Figure 3, 
potassium virtually disappeared from the urine 
following Salyrgan®. This observation limits the 
effect of mercury in this species to interference 
with secretion. Furthermore it is consistent 
with the view that all filtered potassium is re- 
absorbed, as had been suggested on the basis of 
other data in the dog (27). The low basal rate of 
potassium excretion in the control periods there- 


fore probably represents secreted potassium only. 


DISCUSSION 


It has been suggested in previous publications 
that potassium and hydrogen ions are secreted 
into urine in exchange for sodium and that these 
ions compete for some portion of the exchange 
process by which sodium is reabsorbed (10). 
The data obtained in these studies constitute ad- 
ditional support for this Furthermore 
they afford direct and unequivocal evidence that 
the transfer of potassium and hydrogen ions 
in the 
pre- 


thesis. 


into urine is conditioned by alterations 


peritubular concentrations 
sumably the renal tubule cell concentrations) of 


(and therefore 
these ions and not necessarily by extrarenal (sys- 
temic) changes in acid-base balance. The latter 
are of importance, however, insofar as they af- 
fect the filtered load and tubule cell concentra- 
tions of electrolytes. 

Linked transfer of hydrogen, potassium and 
sodium ions is thought to be effected by specific 
Al- 
though no direct evidence for this exists, the re- 
consistent 


and reversible combination with a carrier. 


sults of these and other studies are 


with this view. The observations that the process 


may be saturated (presumably indicating en- 


zyme or carrier limitation), that it 1s subject to 
competitive inhibition, and finally that it may be 
interfered with in a reversible manner by a 
pharmacologic agent, are best interpreted within 
the framework of the carrier hypothesis. These 


arguments will be discussed separately, but first 





28 JACK ORLOFF AND 
it should be noted that none of the data affords 
any insight into the precise nature of the mecha- 
nism, that is whether the ions are actively or 
passively transported. Neither the demonstration 
of net potassium secretion nor the observation 
that the concentration of potassium in urine ex- 
ceeds that of plasma is sufficient evidence to 
conclude that potassium is transported by an 
active process. Demonstration of active trans- 
port, movement of an ion against its electro- 
chemical gradient (28), requires knowledge of the 
chemical gradient in the pertinent area and the 
transtubular potential. Despite the lack of this 
information, it is relatively certain that linked 
that at 


least one of the cations involved is transported 


transfer by a carrier does occur and 
against its electrochemical gradient. 

It is clear from the experiments illustrated in 
Table I and Figure 1 that the excretion of po- 
tassium is a function of its peritubular concentra- 
tion. Since the filtered load of potassium is 
equal on both sides, the unilateral changes noted 
in these studies can only be due to alterations 
in tubule cell transport induced by the higher 
concentration of potassium. Of greater signifi- 
cance in the context of this discussion is the ob- 
servation that at high concentrations of peritubular 
potassium the relationship between urinary ex- 
cretion and plasma concentration is no longer 
linear (Figure 2). Excretion clearly approaches 
a maximal rate, indicating that the transport 
mechanism may be saturated and that passive 
diffusion from plasma to urine is not a rate-limit- 
ing step in the process. These data constitute 
strong support for the view that reversible combi- 
nation with a carrier is involved in potassium 
that 


carrier-cation complex is 


transport and association and dissociation 


of the 
The pertinence of a tubular transfer maximum 


rate-limiting. 


in the chicken insofar as it relates to the mecha- 
nism of potassium transport in other species is 
not invalidated by the uniqueness of the finding, 
since only in this preparation is it possible to 
achieve the concentration of potassium in peri- 
tubular plasma necessary to saturate the process. 

The reciprocal changes in hydrogen and po- 
tassium excretion induced by administration of 
potassium salts, acetazoleamide or acetic acid 
are indicative of the competitive nature of the 


transport process under study. Although similar 


DOUGLAS G. 
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conclusions had been derived from data in other 
species (10), the present studies clearly limit the 
locus of action of the changes responsible for the 
urinary effects. It is probable that the relation- 
ship between the concentrations of the cations 
in peritubular plasma (and presumably in tubule 
cells), rather than a reciprocal change in their 
concentrations, conditions the urinary response 
(29). 
cretion 


Thus, although increased potassium ex- 
fol- 
lowing the infusion of potassium are probably 


and interference with acidification 
associated with a reciprocal change in the intra- 
cellular concentrations of potassium and hydrogen 
ions, similar urinary effects due to acetazoleamide 
are most likely due to intracelluar alkalinization 
alone. Conversely, aciduria and decreased po- 
tassium excretion following introduction of acetic 
acid are a consequence of an increase in the pCO, 
and hydrogen ion concentration of tubular cells. 
It is unlikely that cell potassium is appreciably 
altered in this situation. The hypothetical car- 
rier is assumed to form a complex to a lesser or 
greater extent with hydrogen or potassium as a 
function of the intracellular ratio of these ions, 
the relative preponderance of either ion within 
the tubular cell determining which is preferenti- 
ally secreted in exchange for sodium. 

The effect of the unilateral infusion of sodium 
bicarbonate is somewhat anomalous. Rather than 
observing unilateral alkalinization, as had been 
reported in the frog (25), bilateral alkalinization 
and kaluresis occur in association with a rise in 
filtered The differs in no 
way from the response to the systemic infusion 


Were 


bicarbonate. result 


of bicarbonate in either chicken or dog. 


the cell membrane impermeable to bicarbonate, 


as may be inferred from the data of Wallace and 
Hastings (30) in muscle, the absence of a uni- 
lateral effect would be understandable. However 
it would then be difficult to account for bilateral 
alkalinization and kaluresis in the context of the 
competition —be- 
Furthermore 


present hypothesis regarding 
tween hydrogen and potassium ions. 
the pCO, of peritubular plasma is elevated when 
bicarbonate is added to renal portal blood, and 
this should, if anything, elicit the reverse: acidifi- 
cation and a fall in potassium excretion. If on 
the other hand one assumes, on the basis of the 
observation of bicarbonate uptake by cortical 
slices by Anderson and Mudge (31), that bi- 
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carbonate does in fact penetrate the tubule cells, 
it is possible that the rise in pCO, is sufficient 
(despite an increase in cell bicarbonate) to aug- 
ment hydrogen ion secretion unilaterally and to 
mask any effect on urine pH and potassium ex- 
cretion produced by the transfer of bicarbonate 
into On the other hand, as_ previously 
noted, when bicarbonate is infused into the wing 
vein of the chicken, bilateral kaluresis and alka- 
Since the rise in pCO, under 


cells. 


linization occurs. 
these circumstances may be less due to interposi- 
tion of the lungs, it is possible that intracellular 
alkalinization may be implicated as the factor 
responsible for the urinary changes. 
Alternatively none of the effects noted in the 
irily derive from changes in 
Merely increasing the 


urine need nec 
intracellular composition. 
load of sodium presented to the site in the distal 
segment where potassium is transferred in ex- 
change for sodium will augment potassium ex- 
cretion. This forms of solute 


diuresis and if secondary to a rise in filtered bi- 


occurs in other 
carbonate, the increased concentrations of sodium 
and bicarbonate delivered to the distal segment 
could conceivably account for the alkalinization 
and kaluresis. 

In any event the results of the administration 
of potassium, and the inhibitory effect of a rise 
in cell pCO, on potassium excretion, may be 
viewed as evidence that the transport system is 
subject to competitive inhibition not unlike that 
which would be predicted were reversible com- 
bination of either ion with a carrier involved in 
the exchange process. 

Mercurial diuretics, as noted earlier, had been 
thought to affect both the reabsorption and _ se- 
This 
was based on the divergent effects of the drug on 
the initial 
Recently evidence has been 


cretion of potassium in dog and man (2). 


potassium excretion dependent on 
level of excretion. 
presented demonstrating that the drug interferes 
with secretion alone (27). The data obtained in 
these studies may be interpreted as indicating that 
the only effect of mercury in the chicken is to 
interfere with the secretory process. Further- 
more the complete abolition of potassium ex- 
cretion observed (Figure 3) supports the view 


that all filtered potassium is reabsorbed. The rise 


in potassium excretion noted after mercury in 
the dog, when the initial rate of potassium ex- 
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cretion is low, may be a reflection of the in- 
creased load of sodium presented to a partially 
inhibited but unsaturated exchange site. The 
increased load of sodium provides more oppor- 
tunity for exchange, even though the process pro- 


ceeds at less than maximal efficiency. 


CONCLUSIONS 


The secretion of potassium into urine is in- 
versely related to that of hydrogen ion in the 
chicken as in other species. Alterations in the 
secretory rates of potassium and hydrogen ions 
are mediated by changes in the peritubular (and, 
or the renal intracellular) concentrations of these 
ions and are not necessarily related to changes 
in systemic acid-base balance. 

The secretory mechanism for potassium may be 
saturated, is subject to competitive inhibition, 
and is interfered with in a reversible fashion by 
mercury, a pharmacologic inhibitor. 

The data have been interpreted as indicating 
that linked transfer of potassium, hydrogen and 
sodium ions is probably accomplished by a car- 
rier mechanism. Association and_ dissociation 
of the hypothetical cation-carrier complex is ap- 
parently rate-limiting in the transport process. 
Preferential association of either potassium or 
hydrogen ions with the carrier may be a function 
of the relative preponderance of one or the other 
ion within the tubule cell. 
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Discovery of the physiologic importance of 
norepinephrine and its role as a chemical medi- 
ator in the sympathetic nervous system is of 
relatively recent origin (1). Studies in experi- 
mental animals have led to rapid advances in 
our knowledge of the biochemical processes in- 
volved in the formation and metabolism of this 
amine. 
tend these studies in man and to establish their 
Such investigations are diff- 
f tl 
norepinephrine normally found in the blood and 
urine and the fact that fresh human tissue is not 


It seemed important to confirm and ex- 


clinical significance. 


cult to perform because « ie small amounts of 


easily obtained for enzymatic study. Patients with 
pheochromocytoma provided a satisfactory solu- 
tion to this problem since the tumor usually 
produces large amounts of norepinephrine and 
is a tissue which can be studied enzymatically 
after surgical removal. During the past five 
years, a sufficient number of patients with pheo- 
chromocytoma as well as specimens of tumor 
and urine were made available to enable us to 
demonstrate a number of the catalysts and inter- 
mediates the formation and meta- 
bolism of norepinephrine in man and to estimate 
the rate of its synthesis by the tumors. 


involved in 


MATERIALS AND METHODS 


Specimens of acidified urine, and frozen plasma and 
tumor were received from many sources for assay of 
catecholamines. However, most of the biochemical stud 


ies to be reported were done on seven patients.! Tumors 


* Part of the work presented here has been used by 
Lemuel C. Leeper in a thesis in partial fulfillment of the 
degree of Doctor of Philosophy, Department of Chemistry, 
Georgetown University, Washington, D. C., April, 1958. 

+ Present address: Riverton Laboratories, Inc., 852 
Clinton Avenue, Newark, N. J. 

1 They were hospitalized at the National Naval Medical 
Center, Bethesda, Md.; Georgetown University Hospital, 
Washington, D. C.; Walter Reed Army Medical Center, 
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1958) 


from these patients were placed in cracked ice or frozen 


upon surgical removal for subsequent chemical and 


enzymatic studies. 
Chemical compounds. 

epinephrine-bitartrate 

were obtained from commercial sources. 


L-norepinephrine-bitartrate, L 
3,4-dihydroxybenzoic acid 
The 3,4-dihy- 
2_( 14 


and 


droxy-pL-phenylalanine-3-C™ and pi-epinephrine 
bitartrate were supplied by Nuclear Chemical and In 


strument Company. The 3,4-dihydroxyphenylethylamine 


1-C*-HBr and 3-methoxy-4-hydroxybenzoic acid were 
synthesized in this laboratory. The 3-methoxy analogues 
of norepinephrine, epinephrine and dihydroxyphenylethy] 
amine were supplied as the hydrochlorides by Dr. Ber 
nard Witkop, National Institute of Arthritis and Meta 
bolic Diseases. 
Measurement of 
Tissues were homogenized in 0.1 N HCl and 15 per cent 
trichloroacetic Cbs 222). 
was removed by centrifugation and the supernatant solu 


catecholamines in tissue and urine 


acid The protein precipitate 
tion extracted with water-saturated ether to remove the 


trichloroacetic acid. Catecholamines were extracted 
from acid-hydrolyzed urine by the method of von Euler 
and Orwen (2). The colorimetric method of von Euler 
and Hamberg (3) was used to measure epinephrine and 
norepinephrine in tissue extracts when the concentrations 
of the amines were adequate. Optical density was meas 
ured with a Beékman DU spectrophotometer. In 


tumor extracts and in urine extracts, a modification (4) 


some 


of the fluorometric procedure of Lund (5) was used, and 
the fluorescent product assayed using an Aminco-Bow 
The method Weil 
was used for determination 

Although this 
not be as specific as other fluorometric procedures, it 


spectrophotofluorometer. of 


(6) 


man 
Malherbe and Bone 
catecholamines in plasma. 


of 
method may 
has a high order of sensitivity and when properly used 
is satisfactory in diagnosing pheochromocytoma 
Isolation and assay of methoxy analogues of catechola 
mines. Tumors were homogenized in a Waring blendor 
in six volumes of 0.01 N HCl. Portions of the homoge 
nates were adjusted to pH 10.0 by addition of a saturated 
solution of sodium carbonate and extracted three times 
with five volumes of n-butanol. To the combined butanol 
extracts were added an equal volume of heptane and 0.2 
volume of 0.5 N HCI. 


to dryness 


After shaking, the aqueous layer 


was evaporated im vacuo and the residue 


and Southwest Foundation for Re 


Washington, D. ( 
search and Education, San Antonio, Tex 
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taken up in 10 ml. of methanol. The methanol was then 
evaporated under a stream of nitrogen to 0.4 ml. and 
portions were subjected to chromatography on What 
man No. 1 The 
chromatograms were allowed to develop overnight in 
(8:2), or butanol- 


paper using two different solvents. 
either isopropanol-5 per cent NH, 
(8: 1:1). After drying in air the 
chromatograms were sprayed with a freshly prepared 
solution of (0.05 per 
cent w/v in ethanol) followed by borate buffer, pH 9.0 


acetic acid-water 


2,6-dichloroquinone chloroimide 


(7). Solutions of the authentic compounds in 0.01 N 
HCl and material eluted from the chromatograms were 
assayed fluorometrically (activation at 280 my and fluor- 
escence at 330 my) 

The enzyme which methylates the 3-hydroxy group 
of norepinephrine and its congeners is relatively non- 
specific. In studies on o-methylation by tumor slices the 
conversion of 3,4-dihydroxybenzoic acid to 3-methoxy-4- 
hydroxybenzoic acid was utilized since the latter compound 
is more easily isolated and assayed than is the 3-methoxy 
metabolite of norepinephrine. 3-Methoxy-4-hydroxy- 
benzoic acid was isolated from incubation mixtures after 
(pH_ 2.0) 


twice with 20 ml. portions of ethyl acetate. 


acidification and salt saturation by shaking 
The solvent 
phase was concentrated in vacuo to 0.3 ml. and trans- 
ferred to Whatman No. 3 paper for chromatography. 
The chromatograms were developed with isopropanol-5 
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per cent NH, (8:2) and sprayed with the phenol re- 
agent as described above. The 3-methoxy acid formed 
was compared with authentic compound (Rf 0.35). 

Isolation and assay of radioactive norepinephrine. The 
procedure for isolation of norepinephrine-C* from tu- 
mor slices and homogenates was the same as described 
previously for adrenal tissue (8). Extracts of urine pre- 
pared according to the procedure of von Euler and Orwen 
(2) were concentrated tn vacuo and carried through the 
same procedure. Milligram-quantities of carrier norepi- 
nephrine were added to measured aliquots of the isolated 
norepinephrine-C™ and the catecholamine was then crys 
tallized to constant specific activity and measured ac 
cording to the procedure described by Udenfriend and 
Wyngaarden (4). 

Enzymatic studies on tumor. All steps in preparing 
tissue slices and homogenates were carried out at 3° C. 
within two hours after removal of the tumors. Homoge- 
nates were prepared in a Potter homogenizer using iso- 
Tumor 

Dopa 


tonic KCI (one part tissue to two parts KCl). 
slices were prepared with a Stadie tissue slicer. 
decarboxylase activity was measured manometrically as 
described by Schales (9) and monoamine oxidase activity 
by a method described previously (10). The conditions 
used for incubation in studies with radioactive precursors 
of norepinephrine and in methylation of catechols by 
tumor slices are described in the appropriate tables. 


TABLE I 


Catecholamines in plasma, urine and tumor 


Plasma 
Time NEt 
mo./yr. 
4/55 
Postop. 
11/57 
Postop. 


6/55 


9/55 
Postmortem 


1,500 


Postop. 190 


41 5/56 1,000 


44 : 9 1,900 


Urinary 
N + 


* 


Location 


Tumor 
NE (area) 


lumor Tumor 
E§ weight 


Gm mg,/Gm. 
I Right suprarenal 


Neck 
Site undetermined 


Left suprarenal 


Right suprarenal 
Left suprarenal 
Thorax 


Right suprarenal 
Bifurcation of aorta 


Right suprarenal 
Left suprarenal 


» 46 Right suprarenal 


9.8 430 Right suprarenal 


* Specimens of tumor were received in seven additional cases and in five of these, acidified urine specimens were 


also submitted. 1 
amount of epinephrine, 5.8 mg. per Gm. 
1,600 and 3,000 ug. per day. 


+ Usual range is 3 to 6 wg. per L. norepinephrine and <1.0 ug. per L. 


normal limits in all cases wherein plasma assays were done. 
i Usual range is 50 to 200 ug. per day 


t Expressed as norepinephrine-equivalent. 


The tumors contained 0.5 to 7.1 mg. per Gm. norepinephrine; only one tumor contained a significant 
; The values for epinephrine plus norepinephrine in urine were: 430, 820, 1,600, 


epinephrine. Epinephrine values were within 


$ I, insignificant amount, i.e. <5 per cent of norepinephrine value. 





NOREPINEPHRINE 


EXPERIMENTAL RESULTS 


Since the clinical features of pheochromocy- 
toma are well known, only the chemical findings 
in our cases will be presented.” 


Measurement of catecholamines in plasma, urine 
and tumor 


Since the original report by Engel and von 
Euler (12) of increased urinary excretion of nor- 
epinephrine in two patients with pheochromocy- 
toma, the diagnostic value of chemical measure- 
ments of norepinephrine and epinephrine in 
plasma and urine has been demonstrated re- 
peatedly. Large amounts of norepinephrine and 
often epinephrine also have been found in the 
tumors. 
I. In this group of patients, the tumors contained 


This 


Our experience is summarized in Table 


norepinephrine as the predominant amine. 
was true also of those located in the suprarenal 


areas. 


Studies on biosynthesis of norepinephrine 


The pathway for biosynthesis of norepinephrine 
in the body is now considered to be as shown in 
Figure 1. Although this metabolic sequence was 
first postulated in 1939 by Blaschko (13), con- 
vincing evidence could not be obtained even in 
experimental animals until the advent of isotopic 
tracer techniques and chromatographic methods 
for separating the three amines, 3,4-dihydroxy- 
phenylethylamine (dopamine), norepinephrine and 
epinephrine. It has now been shown in animals 
that phenylalanine-C'* (which gives rise to ty- 
rosine ), 
nine-C'* (dopa) and dopamine-C"* are precursors 


tyrosine-C'#, 3,4-dihydroxyphenylala- 
of adrenal norepinephrine and epinephrine. It 
is usually assumed that the formation of nor- 
epinephrine precedes that of epinephrine. Lange- 
mann (14) and Burger and Langemann (15) 
have reported that chromaffin tissue is rich in dopa 
decarboxylase. Little is known of the other cel- 
lular catalysts in the biosynthetic pathway. 

A. In 


the patients in Cases 2, 5 and 6 were 


vitro. Portions of tumor-tissue from 
fortified 
with all the probable cofactors and incubated 
with radioactive dopa and dopamine. As shown 
2 Cases No. 1, 3, 4and 5 (see Table I above) have been 


reported by Cone, Allen and Pearson (11). 


IN 


PHEOCHROMOCYTOMA 


HH 

-C-C-COOH 

H NHo2 
HO - 


TYROSINE 


HH 
HO- ~C-C-COOH 
H NHo 
HO =" 
DOPA 


(3,4-dihydroxyphenylalanine) 
W Decarboxylase 


HH 
HO- -C-C-NHp 
H 
HO- 


DOPAMINE 
(3,4-dihydroxyphenylethylamine) 


J OH H 
HO- -C-C-NH?2 
HH 
HO- 


NOREPINEPHRINE 


J OH H 
HO -C-C-NH 
HH CH3 
HO- 


EPINEPHRINE 


Fic. 1. THe CATECHOLAMINE PATHWAY OF TYROSINI 


METABOLISM 


in Table II, significant radioactivity appeared in 
norepinephrine isolated from the incubation mix- 
tures in all experiments. Measurement of dopa 
decarboxylase activity in two tumors (Cases 5 
and 6) gave values of 8,360 and 2,500 pg. dopa 
metabolized per Gm. per hour. This is a very 
high order of activity and is comparable to that 
found in guinea pig kidney, an extremely rich 


source of the enzyme. 


rABLE II 


Formation of norepinephrine from C-labeled precurso) 


by pheochromocytoma 1 


C4 substrate* 


cpm cpm uM 
2,500,000 3,300 
800,000 652 
800,000 1,367 
800,000 840 


21,100 
4,300 
10,400 
6,400 


2at Dopa 

Sa Dopamine 
6a Dopamine 
6b Dopamine 


* C4 compound incubated with 667 mg. tumor in air for 
one and one-half to three hours. In addition to substrate, 
the incubation mixtures contained 14M _ diphosphopyri- 
dine nucleotide (DPN), 10 uM nicotinamide, 2 «6M adeno- 
sine triphosphate (ATP), 250 uM MgClo, 0.2 ml. 0.5 M 
phosphate buffer pH 7.0, and water to a total volume of 
3.0 ml. 


ta, homogenates; b, slices 
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TABLE III 


Urinary excretion of norepinephrine-C' after 
administration of dopamine-C'** 


Activity in norepinephrine 
Collection - — 
periods Case 1 Case 5 Case 6 
hrs. com/uM pm/pM cpm/pM 
24 2,960 2,450 
48 185 370 
7 80 120 
trace 

9,440 

2,220 

1,000 


785 
525 


* 


5 X 10° cpm administered intravenously. 


B. In vivo. 


relationship of dopa and dopamine to norepi- 


\dditional proof of the precursor 


nephrine in man was obtained by studies on four 
4,5 The radioac- 
tive precursors were dissolved in 20 ml. of physio- 
logical NaCl intra- 
venously to these patients over a period of 10 


patients (Cases 1, and 6). 


solution and administered 


minutes. In Case 4 a significant amount of 


radioactivity was found in norepinephrine iso- 
lated from urine collected during the first 24 
of dopa-C'* 
(1.2 mg.) but quantitative studies were not car- 
The 


tients given 5 pc. of dopamine-C'* (1.2 mg.) are 


hours after administration of 5 pc. 


ried out. results of studies in three pa- 


shown in Table III. In the studies on Patients 
No. 5 and 6, 24 hour collections of urine were 
made since a relatively slow rate of norepineph- 
rine turnover analogous to that previously found 
Although 


large amounts of radioactivity were incorporated 


in animal adrenals (4) was anticipated. 


into the norepinephrine, the specific activity fell 
at such a rapid rate as to make estimates of turn- 
over difficult using 24 hour collection periods. In 
a subsequent study in Case 1, urine collections 
were obtained at four hour intervals in order to 
obtain more precise information on turnover rate. 
It can be seen that a high degree of labeling of 
norepinephrine occurred within the first four 
The specific activity of the urinary nor- 
epinephrine declined during the 
first 12 hours with a slower rate of decline occur- 
The changes in specific activity 


hours. 
precipitously 


ring thereafter. 
observed between 48 and 72 hours in the first two 
experiments and after 12 hours in the third ex- 
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periment most likely are indicative of the turn- 
over rate of norepinephrine in the tumors. With 
proper assumptions, a half-life value for tumor 
norepinephrine may be calculated which is of 
The initial, very 
rapid turnover phase is not easily explained. It 


the order of 8 to 12 hours. 
may signify norepinephrine of nonpheochromocy- 
toma origin, such as sympathetic nerve. This 
possibility is currently being investigated in nor- 
mal individuals. It may also represent nor- 
epinephrine made by the tumor which does not 
mix with the norepinephrine stored in the tumor. 
The amount of dopamine administered in these 
experiments did not result in any marked in- 
crease in the synthesis of norepinephrine since the 
daily urinary excretion of norepinephrine did 
not change significantly during the experiments. 

Total urinary C' excretion following adminis- 
tration of dopamine-C'* was measured in one 
(Case 6). 
of the radioactivity was excreted in the first 24 


experiment Seventy-five per cent 
hours, four per cent in the second 24 hours and 
less than one per cent in two subsequent days. 
Although norepinephrine can be converted to 
epinephrine, the process was not found to be 
reversible in the calf adrenal gland (8). Since 
it has been demonstrated that a system for the 
demethylation of certain N-methyl amines does 
exist in the animal tissues (16), the following 
experiment was designed to investigate the pos- 
sible conversion of epinephrine to norepinephrine 
(2.78 mg.) of radioactive 
epinephrine were infused intravenously over a 
Patient No. 7 and 
24 hour urine collections were obtained starting 
The norepi- 


in man. Five upc. 


period of several hours in 


at the beginning of the infusion. 
nephrine from the first day’s collection was iso- 
lated radioactivity 
measured. 


and recrystallized and _ its 


The results obtained are shown in 


TABLE IV 


Comparison of epinephrine and dopamine as precursors 
of norepinephrine in vivo 


Activity in 
isolated 
norepinephrine* 


otal 
counts 
C* compound administered 


cpm/pM 
<24 
2,580 


5,000,000 
5,000,000 


Epinephrine 
Dopaminet 


* First 24 hour urine. 
t Average of three experiments cited in Table ITI. 





NOREPINEPHRINE IN 
Table IV; a comparison is made with the findings 
following dopamine-C'* adminstration. It is 
obvious that there was little if any demethylation 
of epinephrine to form norepinephrine. 


Studies on the metabolism of norepinephrine 


Little was known of the fate of norepinephrine 
and epinephrine in the body until recently. The 
studies of von Euler and Luft (17) and Golden- 
berg, Serlin, Edwards and Rapport (18) showed 
clearly that only a small percentage of norepi- 
nephrine given intravenously is excreted in the 
urine. In 1957, Armstrong, McMillan and Shaw 
(19) reported the isolation of 3-methoxy-4-hy- 
droxymandelic acid from human urine and showed 
that it was a major product of norepinephrine 
metabolism. Axelrod (20) then showed that the 
3-hydroxy position of norepinephrine can _ be 
methylated by animal tissues; he also presented 
evidence (21) that o-methylation followed by oxi- 
dative deamination is the major pathway of me- 
tabolism in rats. Studies in this laboratory (22) 
using a partially purified preparation of mono- 
amine oxidase have conversion of nor- 
epinephrine to 3,4-dihydroxymandelic acid and 
o-methylnorepinephrine (normetanephrine) to 3- 
methoxy-4-hydroxymandelic acid. o-Methylation 
of many catechol compounds has been demon- 
strated (20, 22) 
droxymandelic acid. 

From this work one would surmise that the 
major portion of norepinephrine in patients with 


shown 


in vitro, including 3,4-dihy- 


HO- 


HO 
NOREPINEPHRINE 


OH H 
-C-C-NHp 
HH 


Amine Oxidase O- methylpherase 


OH H 
-C-C-NHo 
HH 


HO- 
HO- 
3,4-DIHYOROXYMANDELIC ACID 


CH30- 
HO- 
m-O-METHYLNOREPINE PHRINE 


OH 
-C-COOH 
H 


O-methylpherase Amine Oxidase 


OH 
CH30- -C-COOH 
H 
HO- 
3-METHOXY-4-HYDROXYMANDELIC ACID 


Fic. 2. THe Major Routes oF METABOLISM OF 
NOREPINEPHRINE 


PHEOCHROMOCYTOMA 


rABLE \ 


Chromatographic behavior of methoxy analogues of 
catecholamines and the compound extracted 
from four pheochromocytomas 


Rf 
Color 
with 
phenol 
reagent 


Butanol 
Isopropanol acetic 
5% NHs acid-water 

Compound (8:2) (8:1:1) 
Blue 
Blue 
Blue 


Tan-pink 


0.62-0.66 
0.65 
0.80 
0.77 


0.31 
0.30 
0.28 
0.40 


1 
NMN* 
ME* 
MD* 





* Abbreviations correspond to the 3-methoxy analogues 
of norepinephrine (NMN), epinephrine (ME), and 3,4- 
dihydroxyphenylethylamine (MD). 


pheochromocytoma is metabolized by the path- 
It is of considerable 
importance to determine which pathway predomi- 
nates and which, if either, may limit the physio- 
logic actions of norepinephrine. 


ways shown in Figure 2. 


The following 
studies were designed to answer some of these 
questions. 

A. In vitro. 
these findings has been presented elsewhere (23). 
Portions of studied for the 
presence of methoxy-substituted catecholamines 
the The 
results of these studies, summarized in Table V, 
indicate that all the tumors contained a butanol- 
extractable base identical with normetanephrine 
(NMN) as shown by its Rf values and color ob- 
tained with the phenol reagent and ninhydrin. 


A preliminary report of some of 


four tumors were 


as described in section on methods. 


In several instances the areas corresponding to 
NMN on the chromatograms obtained with iso- 
propanol-NH, were eluted and rechromatographed 
with butanol-acetic acid. The Rf values obtained 
were again identical with those of authentic NMN. 
The tumor in Case 7, which contained epineph- 
rine as well as norepinephrine, was found to con 
tain two additional phenolic substances, Com- 
pounds 2 and 3. 
chromatograms between NMN and the methoxy 
analogue of epinephrine (ME) and gave a bluish- 
green color with the phenol reagent, unlike that 
of the three available standards. Compound 3 
exhibited Rf values and color (tan-pink) identi- 
cal with those of the methoxy analogue of dopa- 
mine (MD). 

The areas on the chromatogram corresponding 
to Compounds 1, 2 and 3 were eluted with 0.01 


Compound 2 appeared on the 
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N HCl and their fluorescence characteristics were 
compared with authentic NMN, ME and MD, 
using the Aminco-Bowman  spectrophotofluoro- 
All three componds and the reference 
at 280 

Fur- 


meter. 
standards exhibited maximal activation 
mp and maximal fluorescence at 330 mu. 
ther evidence for the identity of Compound 1 
with NMN was obtained by eluting it from the 
chromatogram and subjecting it to distribution 
between equal volumes of 0.5 M borate buffer pH 
10, and n-butanol. Analyses were carried out 


spectrophotofluorometrically. The distribution 


coefficients (concentration in  butanol/concen- 
tration in aqueous) obtained for Compound 1 and 
NMN were 0.43 and 0.44, respectively, whereas 
values for ME and MD were 4.0 and 6.1. One 
tumor (Case 7), subjected to quantitative assay 
for NMN using a combination of paper chromato- 
graphy and spectrophotofluorometry, was found 
to contain about 25 pg. per Gm. 

Further studies revealed that the tumor (Case 
7) is capable of converting catechols to their 3- 
methoxy analogues. However, the tissue could 
do this only when presented with the activated 
form of methionine, S-adenosylmethionine (see 
Table VI). It is not known whether the tumor 
can synthesize S-adenosylmethionine in vivo. 


We that 
which normally contain norepinephrine such as 


have also found many organ tissues 


heart, brain and adrenal gland are capable of 


methylating catechol compounds under these 


rABLE VI 


Assay for o-methylating enzyme in pheochromocytoma 


Experi 
ment 
no. Incubation system* 


Resultst 
Slices only 
Slices + 500 ug. substrateft 
Slices 500 ug. substrate + 1 uM ATP 
+ 250 uM Mg + 6.5 uM methionine 
Slices + 500 ug. substrate + 2 uM S- 
adenosylmethionine + 250 uM Mg 


* Incubation was for three hours in air at 37°C. In 
addition to the components listed, each beaker contained 
0.3 ml. of 0.5 M phosphate buffer, pH 7.7, and water to 


make a final volume of 3.0 ml. The tissue slices weighed 
500 mg. in each instance. 

t The o-methyl acid was extracted from the incubation 
mixture with ethyl acetate after acidification and salt 
saturation. The extract was then evaporated to small 
volume (0.5 ml.) and chromatographed for o-methyl com- 
pounds as described under ‘‘Methods.”’ 

t Substrate was 3,4-dihydroxybenzoic acid. 
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circumstances. The same tumor (Case 7) was 
also found to have considerable monoamine oxi- 
dase activity with 600 yg. serotonin being meta- 
bolized per Gm. per hour. 

B. In While the of 3- 
methoxy-4-hydroxymandelic acid is a useful means 


vivo. measurement 
of diagnosing pheochromocytoma (19), another 
possible approach is revealed by the findings of 
LaBrosse, Axelrod and Sjoerdsma (24) in two 
of our patients. Making quantitative use of paper 
chromatography, it was found that Patients 1 and 
7 were excreting about 20 mg. of 3-methoxy-4- 
hydroxymandelic acid per day but also 10 to 30 
mg. of normetanephrine when the norepinephrine 
excretion was approximately 2 mg. per day. 


DISCUSSION 


It would appear from these studies that the 
pathway for biosynthesis of norepinephrine in 
pheochromocytoma is the same as that shown 
previously in animal adrenal gland. The chemical 
disorder in patients with this tumor may, there- 
fore, be thought of as a disturbance in the meta- 
bolism of tyrosine. Preliminary studies suggest 
that a lower fasting plasma tyrosine level may 
exist in these patients than in normals (25). 

Two of the reactions in the biosynthesis of nor- 
epinephrine which were demonstrated here were 
the decarboxylation of dopa and the side chain 
hydroxylation of dopamine. Other studies in this 
laboratory have shown that pheochromocytoma 
is more active in hydroxylating dopamine than 
animal 
gland (26). Recent reports by Weil-Malherbe 
(27) MeMillan (28) that 
pheochromocytomas may produce dopamine as 
It is possible 


are various tissues, including adrenal 


and indicate some 
the predominant catecholamine. 
that there are tumors which produce only dopa- 
mine because of an inability to convert it to nor- 
epinephrine. Since dopamine is a relatively weak 
pressor agent, such a tumor might erroneously 
Furthermore, a 


” 


be termed “nonfunctioning. 
dopamine producing tumor may not be detected 
by some of the bioassay and chemical procedures 
which are carried out on blood and urine. <A 
simple chemical assay on the tumor itself would 
reveal this, however. In this respect it is now 
advisable and feasible to carry out chemical anal- 
yses of many secreting tumors which are still 
being classified only by histological methods. 





NOREPINEPHRINE IN 

The finding of the methoxy analogue of nor- 
epinephrine (normetanephrine) in the tumors is 
the first demonstration of this amine in human 
tissues. Although procedures for measuring uri- 
nary metabolites of norepinephrine are still only 
semiquantitative, it would appear from studies in 
pheochromocytoma that the two major metabo- 
lites in man are normetanephrine and 3-methoxy- 
4-hydroxymandelic acid. Development of satis- 
factory methods for measuring these substances 
will have many applications, including alternate 
means for diagnosing pheochromocytoma. 

The rapid turnover rate of norepinephrine in 
the three patients with pheochromocytoma (half- 
life of about 10 hours) is in sharp contrast to 
the relatively slow turnover in animal (and pre- 
sumably human) adrenal gland (half-life of 
several days) (4). The patients (Cases 1, 5 
and 6) studied had tumors which contained only 
norepinephrine, indicating probable neural origin. 
This may signify similar rapid turnover of the 
amine in sympathetic nerves. Considering the 
fact that only a small percentage of norepineph- 
rine entering the blood is excreted in the urine 
(17, 18), it can be concluded from the amounts 
of norepinephrine in the urines and tumors in 
Cases 5 and 6 that release of an amount equiva- 
lent to the entire tumor pool over a period of 
24 hours would be required to produce the amount 
of urinary norepinephrine found daily in each 
This is entirely consistent with the experi- 
mentally determined turnover rates for tumor 


case. 
norepinephrine. On the other hand, it is obvious 
that Patient No. 7 could not have survived if the 
entire tumor (ap- 
proximately 4,200 mg.) were released into the 
blood every day. The 
catecholamines in this case was only slightly 


content of norepinephrine 


urinary excretion of 


greater than in the previous cases. A_ slower 
rate of turnover must be postulated in this in- 
stance. It may be more than coincidence that 
the tumor in Case 7 was the largest (430 Gm.) 
in this series and also contained epinephrine. 
The other relatively large tumor (Case 2, 160 
Gm.) also contained a considerable amount of 
epinephrine. 
of tumor and presence of epinephrine can be seen 
in the data of von Euler and Strom (29). We 
would like to speculate that these large tumors 


The same correlation between size 


originate from the adrenal gland and retain its 
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properties of storage, slow turnover and ability 
to produce epinephrine. 
their growth to a much larger size before the 


This may account for 


amounts of catecholamines which they secrete are 
sufficient to produce clinical manifestations. 


SUMMARY 


1. Chemical studies 


pheochromocytoma are presented. 


on seven patients with 


2. Studies with C**-labeled precursors in vitro 
f 


and in vivo corroborate present concepts of the 


biogenesis of norepinephrine from dihydroxy- 


phenylalanine and  dihydroxyphenylethylamine. 
Enzymes involved in the biogenesis and metabol- 
ism of norepinephrine were demonstrated in the 
tumors. 
3. The 
rine (normetanephrine) was found in each of 
the 


human 


3-methoxy analogue of norepineph- 


four pheochromocytomas studied. This is 
first demonstration of this 
tissue. 

4. Preliminary evidence is cited which indi- 


amine in a 


cates that the two major urinary metabolites of 
norepinephrine in patients with this tumor are 
normetanephrine and 3-methoxy-4-hydroxyman- 
delic acid. Measurements of these compounds may 
afford an alternate means of diagnosis. 

5. Estimations of norepinephrine turnover rate 
in three patients suggest a relatively short half- 
life in some pheochromocytomas as compared to 
animal adrenal glands. 

6. Some implications of these findings are dis- 
cussed. 
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It has been pointed out (1) that, in terms of 
modern acid-base chemistry, the defects reponsi- 
ble for the acidosis of renal disease could be: 
1) impaired renal excretion of acid in the form 
of ammonium and titratable acidity, 2) loss of 
bicarbonate (alkali) in the urine due to a failure 


2 


of renal bicarbonate conservation or 3) a com- 
bination of these two defects. 

The two main components of urine respon- 
sible for the removal of hydrogen’ from the 
Under 


the stress of endogenous or exogenous acidosis 


body are ammonium and titratable acid. 


the normal kidney responds by increasing the 
excretion of both these moieties, but the incre- 
ment in ammonium usually far exceeds that in 
titratable acid. It has long been known that the 
basal excretion of ammonium is reduced in pa- 
tients with renal disease, and that the capacity 
to increase ammonium excretion in response to 
Somewhat less 
attention has been directed towards the ability of 
the diseased kidney to excrete titratable acid, 


acidosis is also impaired (2-7). 


although it was demonstrated many years ago 


that patients with uremic acidosis can elaborate 
very acid urines (2, 3). 
lar acidosis” it is generally accepted that char- 


In so-called “renal tubu- 
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Public Health Service; the American Heart Association : 
and the Massachusetts Heart Association. 

+ Established Investigator of the American Heart As- 
sociation. 
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Foundation. 

§ Public Health Service Research Fellow of the Na- 
tional Heart Institute. 

1The term “hydrogen” as used in this discussion is 
not restricted to that very small quantity of hydrogen 
which exists in the free ionized form, but is meant to in- 
clude hydrogen which has been bound to body buffers. 


acteristically this function is lost and that all 
urines are relatively alkaline (8). 

Whether there is any disturbance in bicarbonate 
reabsorption in renal disease is not clear from 
available data. 
has been no report of such a defect in patients 


With one exception (9) there 


with uremic acidosis. .\ recent study of the 
tubular response to acute bicarbonate loading in 
such patients has, in fact, led to the conclusion 


(10). 


bicarbonate 


that bicarbonate reabsorption is normal 


On the other hand, defects in re- 
absorption have been frequently identified in pa- 
tients with so-called “renal tubular acidosis’ and 
the Fanconi syndrome (11-13). 

No previous attempt has been made to study 
the sequence of events which occur as patients 
with renal become 


insufficiency spontaneously 


acidotic. The present study has been undertaken 
in an effort to obtain this information by means 
of balance studies in patients whose acidosis was 
initially corrected by administration of alkali. 
The data to be presented provide some indica- 
tion of the relative importance of the various 
renal defects and of their functional relationships. 
These experiments also appear to throw some 
light on the mechanisms which allow patients 
with renal disease to achieve a new steady state of 
hydrogen ion balance at subnormal plasma_bi- 
carbonate concentrations. 


METHODS 


Balance studies were carried out on five patients. [our 
of the five (P.D., D.H., H.G. and R.M.) appeared to 
have chronic glomerulonephritis according to the usual 
clinical and laboratory criteria; three of these four also 
had a history of urinary tract infection at some time prior 
to their study and may also have had chronic pyelonephri 
tis. The fifth patient had a well-documented history of 
renal tubular acidosis, nephrolithiasis and recurrent uri 


nary tract infections. (lor purposes of clarity, this pa- 
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TIENT P.D. 

Observations began the day after acidosis had been corrected and treatment 
with alkali had been stopped. The break in the middle of the observations 


indicates an interruption of seven days. See text for details. 
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3ICARBONATE, AMMONIUM AND TITRATABLE ACID IN Patient D.H. 
Observations began the day after acidosis had been corrected and treatment with 


alkali had been stopped. 
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PLASMA BICARBONATE CONCENTRATION, URINE PH AND DarLy EXCRETION Of! 


BICARBONATE, AMMONIUM AND TITRATABLE ACID IN PATIENT R.T.A. 


Observations began the day after acidosis had been corrected and treatment with 


alkali had been stopped 
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Electrolyte balances: Patient P. D. 
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TABLE I—Continued 
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tient will be referred to as R.T.A.) Prior to study, all Plan of study. Before starting the balance study, 
patients demonstrated a persistently low plasma bicarbo- plasma bicarbonate was raised to between 25 and 29 mEq. 
nate concentration, ranging between 13 and 18 mEq. per _ per L. over a two to three day period by the administra 
L. At the time of study none of the patients had active tion of sodium bicarbonate intravenously and by mouth 
infection except R.T.A. She was continuously maintained Bicarbonate administration was then stopped and the pa 
on 1 Gm. of chloramphenicol during the experimental tient placed on a constant weighed diet. In four experi 
period and usually had bacterial counts of less than 1,000 ments the sodium content of the diet was low (7 to 12 
colonies per ml. in clean voided urine specimens. mEq. per day), and in the fifth (R.M.) it was normal. 


tABLE II 


Electrolyte balances: Patient R. M. 
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* Intake figures corrected for rejected diet. 
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In all other respects the diet was normal in composition 
Balances were corrected for vomitus and rejected foods, 
which were always analyzed. In some instances am 
monium chloride or hydrochloric acid was given for two 
days during the latter part of the study. In two patients 
supplementary salt was given for several days. Water 
intake was set at a level selected by the patients and 
maintained constant thereafter. Urines were placed un 
der oil and refrigerated immediately after voiding. Satu- 
rated thymol and chloroform was used as a preservative. 

The analytic procedures and the methods used in cal- 
culation of results, as well as other details of the balance 


technique, have been described in a previous paper (14). 


RESULTS 
Figures 1 to 5 show plasma bicarbonate con- 
contration and the acid-base composition of the 
urine in all five patients. The complete balance 
data for Patients P.D., R.M. me. 
presented in Tables I to III. 


and are 


Plasma composition 


Bicarbonate and pH. During the first few 
days plasma bicarbonate concentration fell rela- 
tively rapidly in all patients to levels between 
15 and 20 mkq. per L. In three (P.D., D.H. 
and R.T.A.) the plasma concentration appeared 
to reach a plateau within a week, while in two 
(H.G. R.M.) there further 
decline of about 5 mEq. per L. over the next 


and was a slow 
seven to 10 days. 

Administration of HCl or NH,CI (P.D., D.H. 
and R.T.A.) over a two day period was followed 
by a fall in plasma bicarbonate of 5 to 6 mEq. 
per L. to final levels of between 10 and 13 mEq. 
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per L. In two of the three patients (P.D. and 
R.T.A.) plasma bicarbonate concentrations re- 
mained at the new low level. In the third pa- 
tient (D.H.) there was a rise of approximately 
6 mEq. per L. over the next six days, restoring 
the plasma __ bicarbonate the 
level which had obtained prior to the adminis- 
shown in 


concentration to 


tration of ammonium chloride. As 
I to III, plasma pH tended to fall as 
plasma bicarbonate concentration was reduced. 
Sodium, potassium, chloride and phosphorus. 
Serum sodium, potassium, chloride and_ phos- 


Tables 


phorus concentrations showed only minor changes 
during the course of the study in four of the 
patients. In the fifth (R.T.A.), there 
gradual fall in sodium concentration from an 
initial value of 146 mEq. per L. to final levels of 
124 mEq. per L., but chloride, potassium and 
phosphorus did not change significantly (Table 
ITI). 

Plasma creatinine. 
tration was elevated to between 8 to 13 mg. per 
cent in P.D., D.H., H.G. and R.M. 


during the course of 


was a 


Plasma creatinine concen- 


There was no 


significant change each 
study. In R.T.A. plasma creatinine concentration 
was 1 mg. per cent at the beginning, and 0.9 


mg. per cent at the end of the study. 


Urine composition 


Bicarbonate excretion. Four out of five sub- 
jects (Figures 1 to 3 and 5) showed significant 
urinary excretion of bicarbonate at a time when 


plasma bicarbonate levels were below 25 mEq. 
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per L. As plasma bicarbonate fell progressively, 
there was a stepwise reduction in bicarbonate 
excretion with the result that within five to seven 
days bicarbonate had virtually disappeared from 
the urine in all patients except R.T.A. 

The cumulative bicarbonate loss during this 
phase of rapid excretion was approximately 260 
mEq. in P.D., and approximately 75 mEq. in 
H.G. and D.H. 

Patient R.T.A. continued to excrete significant 
amounts of bicarbonate in her urine (averaging 
10 to 20 mEq. per day) throughout the entire 
study. 


There was no reduction in bicarbonate 


excretion following the administration of hy- 
drochloric acid. 
Urine pH. 
patients except R.T.A. as metabolic acidosis be- 
came more severe. Final pH values of 4.8 to 
5.5 were attained in P.D., D.H., H.G. and R.M. 
The most abrupt fall in urine pH followed the 


PB: 


Urine pH fell progressively in all 


administration of ammonium chloride to 
and D.H. 
R.A, the administration of 


drochloric acid and a drop of plasma bicarbonate 


despite hy- 


TABLE 
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to 12 mEq. per L., achieved a minimal urine pH 
of only 6.5. 

Titratable acid. In all patients excretion of 
titratable acid increased progressively during the 
initial five to 10 days of the study. The maximum 
value ranged between 11 to 34 mEq. per day 
In all 


titratable acid accounted 


with an average of 18 mEq. per day. 
patients except R.T.A,, 
for approximately two-thirds of the total acid 
excretion throughout the period of study. 

The 


produced a significant increase in titratable acid 


administration of ammonium chloride 
excretion in Patient D.H., with a rise from 11 
to 29 mEq. per day as urine pH fell from 6.4 
to 5.0. In P.D., a fall in urine pH from 6.2 to 
5.6 was unaccompanied by a significant change in 
titratable 
was unaffected by acid administration, titratable 


acid. In R.T.A., whose urine pH 
acid excretion remained constant. 

Ammonium excretion. All patients showed a 
marked limitation of ammonium excretion during 
the spontaneous development of acidosis, and 
following the administration of acid. The maxi- 
mum ammonium excretions observed ranged from 


Ill 


Electrolyte balances: Patient R. T. A. 


Intake 


H:0 Na K Cl N 


Body 
wet. 


Kg. ml. mEq./ mEq./ mEq./ Gm./ 

day day day day day 
10 6. 
10 6. 
10 6. 
10 CG: 
10 6. 
10 6. 
10 6. 
10 6. 
ot 5 
10 6. 
10 6. 
10 6 
10 6. 
10 6. 
50s «6. 
40 6. 
10 6. 
10 6. 
10 6. 
10 6. 


42.82 
42.15 
41.54 
41.05 
41.03 
40.69 
40.83 
40.93 
40.33 
40.00 
40.14 
40.35 
39.90 
40.02 
39,90 
39.51 
39.14 
39.20 
38.93 
39.31 
39.13 
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pH HCOs T.A. NH« Na K Cl 
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* On this day patient vomited 2 L. of fluid containing 4 mEq. of Na, 12 mEq. of K, 28 mEq. of Cl, and 2 Gm. of 


nitrogen. 
¢ Intake figures corrected for rejected diet. 
140 mEq. HCI given in drinking water. 
§$ 30 mEq. HCI given in drinking water. 
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TABLE 111—Continued 


Stool 


Body —- 
wet. cl 
Kg. Zq./ mEq./ mEq 
day day 

42.82 1 
42.15 1 
41.54 
41.05 
41.03 
40.69 
40.83 
40.93 
40.33 
40.00 
40.14 
40.35 
39.90 
40.02 
39.90 
39.51 
39.14 
39.20 
38.93 
39.31 
39.13 
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8 to 25 mkq. per day, the average being 12 mEq. 
per day. In all patients except P.D., there was 
a slight tendency for ammonium excretion to in- 
crease as the urine pH fell. 

Phosphorus. Phosphorus excretion in the en- 
tire group ranged from 10 to 24 mM per day. 
In the course of any single study, there was no 
significant change in phosphorus excretion either 
during the spontaneous development of acidosis 
or after administration of acid or sodium chlo- 
ride. 

Sodium excretion. Figure 6 shows the daily 
urinary sodium excretion for Patients P.D., D.H., 
H.G. and R.T.A., all of whom had a sodium in- 
take of 7 to 12 mEq. per day. The level of the 
cross-hatched area at the bottom represents the 
average sodium intake of 9 mEq. per day. It is 
apparent that initially sodium excretion signifi- 
cantly exceeded intake but decreased rapidly to- 
How- 


ever, in two subjects, P.D. and H.G., there was 


wards intake values within the first week. 


a continued excretion of sodium ‘in excess of in- 
take. The irregular line connecting Days 9 and 10 
in P.D. signifies the actual passage of seven days 
durii.¢ which time the balance study was inter- 
rupted because of vomiting. The patient was 
given approximately 100 mEq. of extra sodium 
each day during this interval, but was put back on 
an intake of 9 mEq. of sodium when the balance 


was resumed. It is clear, however, that in P.D., 


Plasma 


HCOs 


mEq./ 
L. 
29.3 
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as well as in H.G., renal conservation of sodium 
was defective. In the other two subjects, so- 
dium excretion slowly dropped to levels virtually 
equal to the intake. Stool sodium losses were 
negligible, but in view of the unmeasured skin 
losses of sodium, a continued urinary excretion 
of even 8 to 10 mEq. per day probably repre- 
sented a net negative balance. Furthermore, dur- 
ing this period serum sodium in R.T.A. had fal- 
len to 124 mEq. per L. (Table III). 

R.M., whose sodium intake was 52 mEq. per 
day during the first 10 days of study, had a slight 
but persistent excess of sodium in his urine during 
the last few days of this period. When supple- 
mentary salt was given in the latter part of the 
study, the sodium balance became positive. 

Chloride. 


intake during the first five to seven days after the 


Urinary chloride excretion exceeded 


patients were placed on a low-salt diet, but sub- 
sequently excretion and intake were virtually 
R.M., intake 
mEq. per day during most of his study, also ex- 


equal. whose chloride was 55 
creted chloride in amounts approximately equal 
to his dietary intake. 

Following administration of HCl or NH,Cl 
(PD., DH. R.T.A.) 


crease in chloride excretion despite a rise in se- 


108 and 


and there was no in- 
rum chloride concentration to between 


111 mEq. per L. 
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DAYS ON LOW- SODIUM DIET 


Fic. 6. 


AND ACIDOSIS, THREE WITH UREMIA AND ONE (R.T.A.) 


ACIDOSIS 


DatLty ExcrETION OF SopIUM IN Four PATIENTS WITH 


DISEASE 
TUBULAR 


RENAL 


WITH RENAL 


The observations began the day after acidosis had been corrected and treatment with 


sodium bicarbonate had been stopped. 


The height of the cross-hatched area at the bot- 


tom indicates the average sodium intake of the four patients (range, 7 to 12 mEq. per 


day). 
tion of seven days (see text). 


Potassium. -atients (second 


D.H., H.G. and R.T.A. 


amounts approximately 


Pm. study), 
excreted potassium in 
equal to their intake, 
and there was little or no cumulative negative 
potassium balance during the course of study. 
R.M. and P.D. (first study) showed a urinary 
excretion of potassium consistently greater than 
intake, and cumulative negative potassium bal- 
ances of 194 and 147 mEq., respectively. When 
potassium balance was corrected (N X 2.7 mEq.) 
for the small negative nitrogen balance observed 
in each of these two subjects, the cumulative 
balance values 180 and 116 
spectively. 

Stool electrolytes. Stool electrolyte content for 
the group as a whole was as follows: sodium, 1 to 3 
mEq. per day; potassium, 2 to 12 mEq. per 
day ; chloride, 1 to 4 mEq. per day. 


were mkq., re- 


DISCUSSION 


The defect in bicarbonate conservation found in 
three of the four patients with uremic acidosis 
is noteworthy, in view of the scant attention ac- 


The irregular line joining Days 9 and 10 for Patient P.D. indicates an interrup 


corded this problem in the past. It is recog 
nized that patients with renal tubular acidosis 
and the Fanconi syndrome may show an inap 
propriate excretion of bicarbonate at subnormal 
13), similar 
defect has recently been described in the tubular 
Wilson’s 


considered an 


plasma concentrations (11 and a 


nephropathy associated with disease 


(15). However, this has been 


abnormality confined essentially to the tubular 
Only one patient with uremia 


nephropathies. 
has been reported who seemed to waste bicarbon- 
ate (9), and Randall, Vanamee 
Poppell found no evidence of impaired reabsorp- 


Roberts, and 
tion of bicarbonate in chronic renal insufficiency 
(10) when they acutely loaded such patients 
with alkali, 

The difference between the present observations 
and those of most previous workers can prob- 
In the 


first place, since patients with degenerative renal 


ably be accounted for by several factors. 


disease and bicarbonate-wasting may elaborate 


an acid urine virtually free of bicarbonate when 


the plasma bicarbonate is at or below the new 
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threshold level, the existence of the defect could 


readily be overlooked. 3icarbonate-wasting 
would not be evident unless such patients were 
receiving alkali. Secondly, it seems likely that 
many patients with uremia and acidosis do not 
have a bicarbonate-wasting defect. Of the group 
of four patients with uremic acidosis reported 
here in detail, all but R.M were found to have 
some significant degree of bicarbonate-wasting. 
However, of an additional group of eight acido- 
tic, uremic patients studied without complete 
balances, only two were found to excrete signifi- 
cant quantities of bicarbonate after plasma levels 
24 mEq. per L. (16). Thus, 


patients, bicarbonate-wasting 


had dropped below 
total of 12 
was found in only 


of a 
five, and it is clear that the 
defect is often absent in uremic acidosis. 

In the acute studies of Roberts and associates 
(10) mentioned above, difficulties inherent in the 
accurate measurement of very low filtration rates 
may have introduced methodologic uncertainties 
which would make the calculation of bicarbonate 
reabsorption subject to significant error. Finally, 
as will be pointed out below, it is possible that in 
acidotic patients with bicarbonate-wasting, loading 
with bicarbonate may of itself raise the apparent 
threshold and may, therefore, give higher values 
than those observed during acidosis. 

The present study does not elucidate the mecha- 
nism leading to defective conservation of bi- 
carbonate, but a possible explanation may be 
suggested. Renal disease may reduce carbonic 
anhydrase activity in tubular cells to the point 
at which the enzymatic reaction becomes the rate- 
limiting step in the process of reabsorption (17). 
The situation may be comparable to that which 
occurs when carbonic anhydrase is partially in- 
hibited by chronic administration of acetazolea- 
mide (18, 19). 
bicarbonate level falls until a new balance is at- 


Under these conditions, plasma 


tained between available enzyme activity and the 
filtered 
been shown in acute studies (17) that the rate of 


load of bicarbonate. However, it has 
reabsorption during partial inhibition of carbonic 
anhydrase is a direct curvilinear function of the 
plasma bicarbonate level, possibly reflecting a 
Michaelis- Menten 


activity and substrate concentration (17). 


relationship between enzyme 
Thus, 
and co-workers 


in the experiments of Roberts 


(10) loading with bicarbonate might well have 
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accelerated the rate of reabsorption and masked 
a lowered renal threshold. 

The 
plays a dual role in the genesis of the acidosis 
The excretion of bi- 


bicarbonate-wasting defect apparently 
in these uremic patients. 
carbonate in the urine, in the first place, repre- 
sents a direct loss of alkali from body fluids and 
so leads to acidosis. In P.D., in whom the de- 
fect was severe, a total of approximately 260 
mEq. of alkali was excreted in the first seven 
days, prior to establishment of acid-base equilib- 
rium. Distributed through a volume estimated 
as 40 per cent of total body weight, such an al- 
kali deficit would be expected to lower plasma bi- 
carbonate by approximately 10 mEq. per L. 
Since the observed drop in plasma level during 
this time was 13 mEq. per L., it is clear that in 
this patient loss of bicarbonate in the urine con- 
tributed the major share in the development of 
acidosis. Similar calculations for Patients D.H. 
H.G., in 
carbonate were approximately 75 
that excretion of alkali probably 
approximately half of the observed fall in plasma 


and whom cumulative losses of bi- 
mEq., indicate 


accounted for 


bicarbonate. 


Bicarbonate-wasting, however, has another 
important influence on the genesis of uremic 
acidosis. Impairment of bicarbonate reabsorption 
would result in persistence of an alkaline fluid in 
the distal part of the nephron where ammonium 
and titratable acid normally appear. Thus, in 
addition to producing alkali loss, bicarbonate- 
wasting, by limiting the output of ammonium 
and titratable acid, contributes to acidosis by re- 
ducing the renal excretion of hydrogen. It is to 
be noted, in each of the first three figures, that 
acid excretion was suppressed during the early 
bicarbonate-wasting phase of each balance. In 
R.M. (Table II and Figure 4) there was es- 


sentially no bicarbonate loss and hence no di- 
rect contribution by this factor to the development 
However, as will be pointed out 


of acidosis. 
below, he, as well as all the other uremic patients, 
showed an abnormal lag in acidification of the 
urine which contributed to the delay in achiev- 
ing acid-base equilibrium. 

That patients with uremia and acidosis can 
ultimately acidify their urine had been noted by 
earlier workers (2, 3) and has recently been con- 


firmed (20). In the present group minimal pH 
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values of 4.8 to 5.5 eventually were achieved. 
Since the major urinary buffer is phosphate (pK’ 
approximately 6.8), it follows that in urines of 
this acidity excretion of titratable acid must be 
nearly maximal. It would appear, however, that 
uremic patients require a more severe degree of 
acidosis to achieve this level of urine acidity than 
do normal subjects given ammonium chloride. 
In all the uremic patients, the lowest urine pH 
was achieved only after plasma bicarbonate levels 
had been depressed, spontaneously or with acid 
loads, to concentrations of 10 to 15 mEq. per L. 
(In the bicarbonate-wasting patients minimal urine 
pH did not develop until plasma levels were be- 
low those at which overt wasting had ceased.) 
By contrast, normal subjects loaded with NH,Cl 
produce urine of comparable acidity when their 
plasma _ bicarbonate concentrations are in the 
range of 20 to 25 mEq. per L. (4, 21, 22). 

A delay in acidification of the urine was ap- 
parently the Patient 
R.M. from initially excreting the maximal am- 
monia and titratable acid of which he was cap- 


major factor preventing 


able. The cumulative deficiency in the net ex- 
cretion of acid (ammonia plus titratable acid) 
during the first 13 days of his balance (Figure 
4), as compared to the average acid excretion 
on the last two days, amounted to 257 mEq. 
This is approximately two-thirds of the total 
amount calculated to be necessary to produce the 
observed drop in plasma bicarbonate during the 
first 13 days. Inefficiency in the acidifying proc- 
ess, with consequent delays in achievement of 
maximal excretion of titratable acid and am- 
monia, may well have been largely responsible 
for the development of acidosis in the other uremic 
patients who did not have any overt bicarbonate- 
wasting defect. 

It should be emphasized, however, that all 
uremic patients appear to have an underlying 
defect in ammonium excretion, an abnormality 
(2-7). De- 


spite the progressive acidity of the blood and 


which has long been recognized 


urine in these patients, excretion of ammonium 
rose only slightly. The present data emphasize 
the fact that this defect in 
tion cannot be attributed to an unfavorable pH 
gradient for the accumulation of ammonium in 
the distal tubule. While the 
monium excretion may be the result of specific 


ammonium excre- 


reduction in am- 
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tubular dysfunction, it is equally possible that it 
is simply the consequence of the loss of tubular 
mass or of a critical reduction in tubular blood 
supply which limits the availability of substrate 
or the removal of by-products. 

As a result of the impairment of ammonium 
excretion, this moiety constitutes only a_ third 
or less of the total acid excretion in the four pa- 
tients with uremia (Figures 1 to 4). In 
mal subjects, by contrast, ammonium is usually 


nor- 


one and one-half to two times the excretion of 
titratable acid, and in severe metabolic acidosis, 
ordinarily constitutes more than three-quarters 
of the total acid excretion. 

With the development of acidosis and reduc- 
tion of urine pH to relatively low levels, it can 
be assumed that the uremic patients are excret- 
It is 
clear that under these circumstances they are at 


ing acid at close to their maximal rates. 


the mercy of whatever additional exogenous or 
endogenous acid loads may be imposed. Thus, 
for example, when the plasma bicarbonate level 
was acutely reduced from 15 to 10 mEq. per L. in 
P.D. (Figure 1) acid 
significantly and bicarbonate concentration re- 


excretion did not rise 
mained fixed at this new low level for the next 
four days. Actually, as shown in Table I and 
Figure 1, there was a further reduction in urine 
pH (from 6.20 to 5.55) but, because the control 


pH was already well below the pk’ of phosphate, 


the increment in titratable acid was negligible. 
In Patient D.H. not 
whether urine pH and plasma bicarbonate had 


(Figure 2), it is clear 
reached their spontaneous minima prior to ad- 
ministration of the chloride load. 
However, in this case a reduction in urine pH 


ammonium 


from 6.5 to 5.2 was enough to permit a small, 
though appreciable, increase in excretion of ti- 
tratable acid and ammonium. This produced a 
slow restitution of plasma bicarbonate level to 
its preloading The 
though ultimately effective, was clearly less than 
normal. Had still more acid been superimposed 
upon the rather modest load administered, it is 
quite likely that no further renal adjustments 
would have been possible, since the urine was now 


concentration, response, 


almost maximally acid. 


Are these patients in acid-base equilibrium 


when their plasma bicarbonate concentrations 


have stabilized at lower than normal levels? 
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Since there is no method of computing the total 
hydrogen ion load, it is difficult to be certain 
whether renal acid excretion actually accounted 
for total hydrogen production. It is possible that 
slow, continuous titration of bone buffers as a 
result of a reduction in extracellular pH may 
have contributed to the stabilization of the plasma 
bicarbonate concentration. This appears to be 
the case in patients with renal tubular acidosis 
where there is much evidence to suggest the 
continuous gradual dissolution of bone salts (23), 
but whether this also occurs in uremic acidosis 
has not been clearly established. Analysis of 
bone in adults dying of uremia has so far failed 
to indicate significant changes in cation content 
(24), despite the fact that 
demineralization of bone are occasionally quite 
apparent in chronic uremia (25). The 
bone buffers in the stabilization of extracellular 


osteomalacia and 


role of 


pH in uremic acidosis therefore remains to be 
elucidated. 

The observations on the patient renal 
tubular (Et, 5 Table 
III) have been reserved for separate considera- 


with 
acidosis Figure and 
tion because the tubular defects in this condition 
appear to be characteristic and in part distinguish- 
able from those found in patients with uremic 
noted that in 
renal tubular acidosis there is a defect in acidi- 
(8) as well as a tendency 
to waste significant amounts of bicarbonate at 
These 


acidosis. Previous workers have 


fication of the urine 


subnormal plasma concentrations (11-13). 
two defects are well illustrated in Patient R.T.A., 
who excreted a total of 162 mEq. of bicarbonate 
during the first five days of the study, as her 
plasma level fell from 29 to 18 mEq. per L. 
Thereafter she continued to excrete an average 
of 15 mEq. per day and her urine pH _ never 
dropped below 6.5, even when the plasma bi- 
carbonate was further depressed to 12 mEq. per 
LL. by oral administration of HCl. In another 
adult with typical renal tubular acidosis and 
nephrocalcinosis similar observations have been 
made, but without benefit of balance studies (16). 
In this latter patient a total of 68 mEq. of bi- 
carbonate was excreted over three days as the 
plasma level fell from 26 mEq. per L. to 16 
of alkali. 
remaining 


following withdrawal 
the 


patient 


mEq. per I.. 
level 


to 


Thereafter, with plasma 


steady, this continued excrete ap- 


R, 


sf 
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proximately 10 mEq. of bicarbonate per day in 
a urine of pH 6.4 to 6.7. 

Although excretion of titratable acid was low, 
both patients were able to excrete normal amounts 
of ammonium relative to urine pH (13, 20). This 
pattern contrasts with that found in uremic acido- 
sis where, under the proper stimulus, maximal 
excretion of titratable acid will occur, but am- 
monium excretion is persistently low. In both 
types of renal disease, however, bicarbonate-wast- 
ing may be a significant factor in the genesis of 
the Thus, while the exact defects in 


these two disorders may vary, their general nat- 


acidosis. 


ure is the same, and consists essentially of a 
disturbance in acid (hydrogen) excretion or bi- 
carbonate reabsorption, or both. Since these are 


entirely tubular functions, both types of acidosis 


should properly be considered as “tubular” in 
A possible explanation for the difference 
in plasma anion pattern between uremic acidosis 
and renal tubular acidosis has been presented 
elsewhere (1). 

Since reabsorption of bicarbonate is thought to 


origin. 


involve sodium-hydrogen exchange, it is of interest 
to consider how the renal conservation of sodium 
in these patients might be related to their renal 
handling of bicarbonate. It is reasonable to as- 
sume that a part of the initial excretion of sodium 
during the first few days of sodium and bicarbon- 
ate withdrawal was directly linked with the bi- 
carbonate-wasting (Figure 6). In Patients D.H. 
and R.T.A. sodium excretion dropped to very low 
values as the bicarbonate-wasting phase ended. 
In P.D. and H.G., however, significant wasting 
of sodium continued long after bicarbonate had 
virtually disappeared from the urine. It is there- 
fore apparent that sodium-wasting does not re- 
quire simultaneous loss of bicarbonate. 


SUMMARY 


In an effort to define the mechanisms respon- 
for the development of acidosis in patients 
chronic renal failure, balance studies have 


sible 
with 
been 
acidosis and in one with renal tubular acidosis. 


carried out in four patients with uremic 


Each study began with the restoration of the 
plasma bicarbonate concentration to normal by 
administration sodium There- 
after, no alkali was given and the patients were 
allowed to develop acidosis spontaneously. In 


of bicarbonate. 
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some cases challenging loads of acid were ad- 
ministered after the patients had reached sub- 
normal but steady plasma bicarbonate concen- 
trations. 

During the phase of developing acidosis, three of 
the four patients with uremia were found to excrete 
significant quantities of bicarbonate in their 
urine even after plasma levels had fallen well below 
normal. Bicarbonate excretion virtually ceased 
only when plasma concentration had reached 15 
to 20 mEq. per L. This loss of alkali in the urine 
accounted for most of the initial rapid reduction 
in plasma level in one patient, and approximately 
half of the drop in the other two. The bicarbon- 
ate-wasting defect was not present in the fourth 
uremic subject nor in the majority of other 
uremic patients studied less completely. 

The other factor apparently responsible for the 
development of acidosis was a suppression of the 
excretion of ammonium and titratable acid, which 
appeared to be due in part to the relative alka- 
linity of the urine during the bicarbonate-wast- 
There was, in addition, a delay in the 
the urine occurred even 
bicarbonate-wasting was absent or had 


ing phase. 
acidification of which 
when 

ceased. However, each of the uremic patients, 
when severely acidotic, was ultimately able to 
lower urine pH below 5.5 and therefore to ex- 
crete nearly maximal amounts of titratable acid. 
Even in the most acid urines ammonium excre- 
tion increased only slightly. Most of the renal 
excretion of acid responsible for the maintenance 
of a low but steady plasma bicarbonate level was 
therefore accountea for by titratable acid. Two 
of these patients were unable to excrete any sig- 
nificant part of additional challenging loads of 
acid since titratable 
already nearly maximal. 


acid and ammonium were 

The patient with renal tubular acidosis not 
only wasted bicarbonate in the urine, but also 
continued to excrete an alkaline urine even at 
low plasma bicarbonate levels. In this patient, 
ammonium excretion was not significantly re- 
duced relative to urine pH and therefore ac- 
counted for most of the excretion of hydrogen 
in the steady state. 

It is concluded that in patients with acidosis 
due to renal disease, defects in the tubular re- 
absorption of alkali or in tubular excretion of 
hydrogen, or both, are at fault. The relative 
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importance of these disorders may vary, but in 
general terms, all renal acidosis is “tubular” 


acidosis. 
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A severe bleeding tendency, the most striking 
features of which are fibrinogenopenia and throm- 
bocytopenia, has been reported in some obstetri- 
cal accidents, certain types of surgery, multiple 
replacement transfusions and other clinical con- 
ditions (1). The pathogenesis of this syndrome 
remains a matter of dispute, as various authors 
either intravascular 
clotting or of Most likely, both 
mechanisms are important, although of different 


have stressed the role of 


fibrinolysis. 
impact from case to case. Especially in obstetri- 
cal and surgical practice, one encounters instances 
where severe hemorrhage occurs because of major 
trauma to vessels or because of the presence of a 
large bleeding surface. In some of these pa- 
tients, bleeding becomes progressively more severe, 
and the fibrinogenopenic syndrome develops. The 
role of hemorrhage itself, at least in aggravating 
the bleeding tendency and, in some cases, in pos- 
sibly initiating fibrinogenopenia, has apparently 
not been fully considered. It is the purpose of 
this paper to discuss the hemostatic changes oc- 
curring in the course of severe hemorrhage with 
special reference to the pathogenesis of fibrino- 
genopenic states.’ 

Important changes of the coagulation mecha- 
nism during severe hemorrhage have been noted 

Hewson (2) made the clas- 
that “the blood 
last coagulated first in animals and men_ being 


by many authors. 


sical observation which issued 


* Supported by a grant-in-aid from the American Heart 
Presented April 18, 1958, at the Annual 
Meeting of the American Physiological Society, Phila- 


Association. 


delphia, Pa. 

7 Lederle Scholar in Medical Sciences, on leave of ab- 
sence from the Department of Medicine, University of 
Pavia, Italy. 

' Fairly extensive unpublished work in dogs, showing 
essentially the same results as presented here, was com- 
pleted in this Laboratory during 1956-57 by Hector 
Marin, Leo Gagliardi and Mario Stefanini. 


venesected.”” Von den Velden (3), while con- 
firming this observation, thought that the hy- 
percoagulability in the course of hemorrhage 
might be due to the entrance in the circulation of 
interstitial fluid carrying thromboplastic material. 
A different conclusion was reached by McClintock 
and Magers (4). They noted shortening of the 
clotting time in severely bled dogs. This, how- 
ever, did not occur in previously splenectomized 
animals. Thus, they concluded that the splenic 
vasoconstriction which accompanies hemorrhage 
might cause entrance of thromboplastic agents 
within the blood stream. The shortening of the 
clotting time during hemorrhage has been con- 
firmed more recently in cats (5) and in dogs 
(0). 


poprothrombinemia during and after bleeding (7), 


Animals have been shown to develop hy- 


and widespread fibrin clots have been washed out 
from the pulmonary vessels of dogs following 
death due to (8). Parallel 
studies in man, performed in individuals who 


irreversible shock 
had suffered from recent severe hemorrhage, have 
given inconclusive results. No changes in the 
clotting time (9) performed by standard tech- 


niques, but prolongation of the sensitized clotting 


time (10), have been reported. Ilypoprothrom 


binemia seems a fairly constant finding (9). 
METHODS 


MATERIALS AND 


A total of 45 New Zealand white rabbits of the average 


weight of 2.5 Kg. were used. The following technique 


was employed to induce hemorrhagic shock. An area of 
skin covering the central artery of the ear was first an 
with 1 per cent Novocaine® 


esthetized by infiltration 


solution to prevent reflex vasoconstriction. Forty ml. of 
blood per kiloweight was then removed by gentle suction 
in cooled syringes through a 20 gauge needle inserted into 
the central artery of the ear, in an average time of 15 
This amount represented approximately 
The 
loss of such percentage volume of blood has been shown 
(11). In our study, pre 


to 30 minutes. 
70 to 80 per cent of the calculated blood volume 


to induce shock in the rabbit 
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THE PLATELET CouNT DuRING AND FOLLOWING 


HEMORRHAGIC SHOCK IN RABBITS 


Note the considerable variations from animal to animal, which, however, 


do not invalidate the uniform trend of the results. 


applies to all figures in this article. 


EARLY PHASE OF HEMORRHAGIC SHOCK: TGT (7 Min) 
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60 

Minutes 
Fic. 2. THROMBOPLASTIN GENERATION IN THE EARLY 

PHASE OF HemMorRHAGIC SHOCK (SEE TEXT) 

The values are those obtained after seven minutes of 
incubation of the reacting mixtures, and are from a single 
experiment. In each instance, platelets were obtained 
from human plasma for convenience, after preliminary 
experiments (R.A.T.) showed that their activity in the 
system could be substituted to that of rabbit platelets. 
Three experiments are described where plasma or serum 
from normal animals and animals in shock were used: 1) 
normal plasma and shock serum; 2) shock plasma and 
normal serum; 3) shock plasma and serum. Shock 
plasma and serum both seemed to accelerate the formation 
and increase the yield of thromboplastin, suggesting the 
presence of a clotting accelerator, the nature of which 
is under investigation. 


A similar consideration 


sumptive indications of shock (prostration, extremely 
rapid heart rate) persisted for four to 10 hours. Blood 
was collected from the contralateral central artery of the 
ear before, during, and immediately and at various in- 
tervals of time after bleeding (every 10 minutes for the 
first hour and at 2, 4, 6, 24, 48 and 72 hours) until all 
values considered had returned to normal or near normal. 
Each time, 5 ml. of blood was collected in a siliconized 
syringe containing sodium oxalate at a final concentration 
of 0.01 M, and an additional 5 ml. in a plain glass syringe, 
for preparation of serum. The volumes of the test sam- 
ples taken before, during and within the first 30 minutes 
of acute venesection were included in the calculation of 
the total volume of blood removed, as the continued bleed- 
ing probably contributed to the maintenance of the state 
of shock in the early phase of our experiments. Because 
of the technical difficulty involved in repeated venesections 
and also to prevent excessive removal of blood from a 
animal, divided into 
One group was studied in the early phase (up to one 
hour) and the other in the late phase (up to 72 hours). 
Studies included: direct platelet count (12) and observa- 
tions of the morphologic appearance of platelets on a 
stained smear; generation of thromboplastin according to 
a standard technique (13) and using a modification with 
where platelets were of human 


single rabbits were two groups. 


heterologous systems, 
source and plasma and serum were supplied by an ex- 
perimental or by a normal animal in various combina- 
tions; activity of plasma prothrombin (14); concentra- 
tion of prothrombin (15) and of stable factor as procon- 
vertin (factor VII) (15); concentration of labile factor 
(factor V) (16); and determination of plasma fibrinogen 
level (14). 

The fibrinolytic activity of serum was studied with a 
number of techniques: a) A plate method, after addition 





INTRAVASCULAR CLOTTING IN HEMORRHAGIC SHOCK 
TABLE I 


Thromboplastin generation test (TGT) during and following hemorrhagic shock in rabbits 


* 


Incubation 

time of 

reagents — - a - 
for TG1I 10 min. 


Time after initiation of bleeding 


30 min. 2 hr. 6 hr. 


min, clotting times (seconds) 


(A) Normal plasma and serum 
1 42.3462 414449 
3 13.9 + 1.6 14.2 +1.9 
12.741.7 12.5 +0.7 
13.2242.4 13.0 +1.7 
9 13.7242.1 13.5418 
il 19.1 + 4.2 20.4 + 5.0 


41.9 + 3.7 
15.3 +04 
13.2 + 0.7 
13.1 +1.4 
14.1 + 
21.6 + 


44.3 +4.0 
14.22 +0.9 
13.9 + 1.4 
13.2 + 1.7 
14.2 + 2.6 
19.4 + 2.0 


42.7 + 2.9 
15.0 + 0.4 
13.6 + 0.8 
12.9 + 2.0 
14.5 + 2.3 

+ 2.3 


47.3 
14.5 
12.6 
13.3 
13.4 
18.4 


OO me me we 
1% 0 im te 


w © 


Shock plasma and serum 


$0.7 +5.1 47.3 + 6.2 


1 +7.0 
3 14.1407 130+1.4 

5 

7 


+0.9 
+ 0.7 
+ 0.6 
7+0.9 
+ 0.9 


~ 
NN 


12.9 + 1.7 12.6 + 0.6 
13.4205 12.3+1.0 
9 13.8 + 1.2 13.0 + 0.8 
11 22.1229 19.2 +1.7 


enw 
Se 


Syren WwW 


~ 


Normal plasma, shock serum 

34.2 + 2.9 
11.7 +1.1 
10.9 + 0.7 
11.4 + 0.4 
12.8 + 0.3 
16.4 + 2.1 


1 40.0 + 3.7 
3 14.1 + 0.6 
5 13.0 + 0.4 
7 13.9 +1.1 
9 14.6 + 1.0 
11 19.2 + 2.3 


Shock plasma, normal serum 


1 43.2 + 3.2 
3 13.7 
7 


40.9 + 
15.0 + 
13.2 


42.4 +1. 39.7 
30 19.9 + 14.7 
17.5 + 2. 14.1 
13.9 
14.9 
20.9 


41.6 
24.2 


38.9 + 6.0 = 
as 
23.7 + 3.2 
= — 
= 


28.4 + 4.2 
21.7 + 4.9 
22.4 + 4.0 
24.8 + 4.7 
29.3 + 5.0 


+ 4.1 
+ 3.9 
+ 5.1 
+ 2.4 
+ 5.0 
+ 4.1 


39.2 
14.0 
13.4 
13.0 
15.4 
22.0 4 


39.0 + 4.0 
13.0 + 1.4 
12.4 + 1.2 
13.0 + :.2 
13.8 +0.9 
18.4 + 2.6 


4 1.7 
12.9 + 1.4 
13.8 + 0.7 
9 14.7 + 1.7 
11 20.7 + 2.8 


20.1 $3.2 16.3 
22.3 3.9 18.0 


26.4 +4.1 23.0 21.4 + 3.6 


* Various combinations of plasma and serum were used. Human platelets, however, were used in all experiments. The figures given are 


averages and standard deviations for six experiments. One group of six rabbits provided data for the period from 0 to 2 hours; another for the 


period from 6 to 72 hours. 


of streptokinase to serum (17). This technique essentially was determined by the method described in Boyd's 


supplied information on the remaining profibrinolysin in 
the serum which could be activated by the addition of 
Thus, as used, it could probably be con- 


monograph (18). 

sin. Reagents: a) bovine fibrinogen prepared by the 
method of Milstone (19), 1.2 per cent solution in veronal 
saline buffer at pH 7.4; b) thrombin (Parke, 
Davis), 100 NIH units in 1 ml. of isotonic saline; c) 
globulin fraction from human serum, | mg. per ml. of iso- 
tonic saline; d) streptokinase (Lederle) dissolved in 
veronal saline buffer (1 mg. in 1 ml.) ; e) rabbit serum, 
Technique. Two 


streptokinase. 
sidered a test of utilization of profibrinolysin. 6) Ob- 
servation of the lytic activity of the rabbit serum when 
added directly to the fibrin plate (in a volume of 0.03 ml.). 
This technique and the following one gave information 
c) A plasma 


bovine 


on the direct fibrinolytic activity of serum. 
clot method. Two-tenths ml. of serum was added to 0.3 of 
rabbit plasma diluted with an equal volume of isotonic 


The mixture was promptly clotted by the 


serially diluted with isotonic saline 
, : per cent in volume of human euglobulin solution is added 
saline solution. to a small volume of streptokinase solution. Two vol- 
addition of 0.1 ml. of thrombin solution containing 100 
National Institutes of Health (NIH) units per ml. and 


the behavior of the clot followed at various intervals of 


umes of the mixture is then added to 98 volumes of fibrino- 
gen solution. Ten ml. of the latter mixture is rapidly 
transferred to a Petri 
mediately clotted by the addition of 1 ml. of thrombin 


dish 9 cm. in diameter and im- 


time. 
solution. 


The antifibrinolytic activity of serum was studied by 


means of a modified plate technique.2) Complement titer 

2 Outline of method for the study of the antifibrinolytic 
activity of rabbit serum. The method is based on the 
ability of the antifibrinolysin of serum to prevent or op- 
pose the digestion of a fibrin plate by activated fibrinoly- 


One drop (0.03 ml.) of each dilution of serum 
tested is then deposited gently on different areas of the 
plate, which is then incubated at 37° C. for 24 hours. 
At the end of incubation the plate is lysed except for the 
areas where serum has been deposited. /:valuation. The 
diameters of the surfaces where no lysis has occurred are 


measured and their areas calculated. The values obtained 
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EARLY PHASE OF 


Fic. 3. Tue Crot ACCELERATING 
OF THE SERUM FROM A RABBIT IN THE 
HEMORRHAGIC SHOCK INJECTED INTO A NORMAL ANIMAL 


Thromboplastin generation test, using the transfused 
animal’s own plasma and serum, and human platelets (see 
legend to Figure 2). Figure shows thromboplastin gen- 
eration 1) prior to injection of serum, and 2) 30 minutes 
after the injection of serum from the animal in hemor- 


rhagic shock. 


All animals were killed? 3, 24 or 96 hours after the 
establishment of hemorrhagic shock. Autopsy was per- 
formed immediately. After recording the macroscopic 


findings, thin slices of liver, lung, adrenal and kidney 


are compared with those obtained using various dilutions 
Un- 


diluted pooled serum is conventionally assigned 100 per 


of a pool of serum from various normal animals. 


cent activity, and the various serial dilutions are as- 
Interpolation 
values. 


signed percentage values. 
on logarithmic paper supplies direct reading 
Full details of the technique are being published else- 


corres nding 


where (20). 

3 One of the three foliowing techniques was used: 1) 
intra-arterial injection of approximately 30 ml. of air; 2) 
intravenous injection of approximately 30 ml. of air; 3) 
inhalation of CH Clb. 
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tissue were fixed in either Zenker’s, or 10 per cent forma- 
lin solutions. then stained with hema- 
toxylin-eosin, phloxine-methylene blue or phosphotungstic 


Sections were 


acid hemotoxylin stains. 
RESULTS 
Blood coagulation changes 


It should be pointed out that the time relation- 


ship between hemorrhage and shock shown in 


the figures was somewhat arbitrary. In each 


instance, shock seemed to follow bleeding in 
short order of time, lasting between four and 10 
Occasion- 
ally there was a more prompt recovery. In all 
the the 


coagulation mechanism showed a similar trend. 


hours after cessation of hemorrhage. 


cases, however, changes observed in 
Their behavior allowed the distinction of three 
phases: a) an early, >) a late and c) a recovery 
phase. 

a) Early phase. 
one hour and, thus, at least one-half hour be- 


This lasted approximately 
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Fic. 5. 


Changes in- 
Most sig- 


nificant perhaps was the development of a strong 


yond the termination of bleeding. 
volved many of the clotting agents. 


coagulation accelerating factor. 


1) Platelets (Figure 1). 


Their number rose 


2 


rapidly as bleeding began and doubled within 15 


to 25 minutes. Platelets also became smaller and 


showed numerous dendrites. 
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ic. 6. SERUM COMPLEMENT TITER Durtnc HEmor- 


RHAGIC SHOCK IN RABBITS 
Results were entirely normal at 12 hours. 


2) Generation of thromboplastin. 


The speed 
of formation and total yield of thromboplastin 
were increased. Theoretically, this may be due 
Plate- 


lets, being added in excess in all our tests, could 


to changes in platelets, plasma or serum. 


be excluded in the interpretation of the results. 


As discussed in the legend to Figure 2 and shown 


a See, 
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in Table I, however, the greater yield and acceler- 
ated formation of thromboplastin were due to 
changes in plasma and serum, both, but espe- 
cially the serum, containing powerful activators. 
The activators were active in vivo as well as in 
Figure 3 illustrates an in vivo experi- 
ment to support this conclusion. Fifty ml. of 
blood was collected from a rabbit and the pro- 


vitro. 


cedure repeated one hour later. Both samples 
were allowed to clot and the serum separated 
and incubated at 37°C. for four additional hours 
to make it free of thrombin activity. Each sample 
of serum was then injected into normal animals. 
Only moderate acceleration of the formation of 
thromboplastin followed the injection of the se- 
rum collected prior to bleeding; the accelera- 
tion was very marked after the injection of the 
serum collected during hemorrhagic shock. 

3) Activity of plasma prothrombin (stable and 
labile factors). The prothrombin activity of 
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plasma was only slightly affected (Figure 4). 
Studies on the activity of stable serum factor(s) 
involved in the conversion of prothrombin to 
thrombin (proconvertin activity) gave dubious 
results because of the presence of a strong clot- 
accelerating substance in the serum. The activity 
labile 

creased (Figure 5). 
activation of fibrinolysis or during active intra- 


of plasma factor was significantly de- 


This is usually seen during 
vascular clotting. In the first instance, the agent 
is destroyed; in the second, it is converted to an 
accelerator which is found in serum. We have 
no data, at the present time, to conclude whether 
the clotting accelerator found in the serum of our 
experimental animals could be identified with 
“activated” labile factor. In any case, the pres- 
ence of a clotting accelerator in plasma probably 
compensated for the drop in labile factor activity, 
thus explaining the overall minor change in the 
Quick plasma prothrombin time. 

4) Serum complement. There was a fairly 
short-lived fall in its titer (Figure 6). 

5) Plasma fibrinogen level fell as soon as bleed- 
ing began. The low level of fibrinogen persisted 
for several hours after bleeding had been discon- 
tinued (Figure 7). 

6) The fibrinolytic system (Figure 8a). 
was a prompt drop in the profibrinolytic activity 


There 


of serum and a corresponding rapid increment of 
the serum antifibrinolytic activity. There was at 
no time evidence of direct fibrinolytic activity of 
the serum on bovine fibrin plate or human plasma 
clots. 

b) Late phase. 
and 48 hours after termination of hemorrhage, 


This phase lasted between one 


extending into the phase of recovery. 
1) Platelets. 
phase, their number fell rapidly, reaching a mini- 


After the initial rise in the early 


mum value between 2 and 12 hours (Figure 1). 

2) Generation of thromboplastin (Figure 9). 
This became slow and incomplete. An analyti- 
cal study indicated that the defect in generation 
of thromboplastin was probably due to a complex 
combined depletion of the plasma and serum 
factors involved (Table I). It was noted that 
serum no longer accelerated the formation of 
thromboplastin when added to normal plasma and 


platelets. 


4 Determination performed by Miss Rose H. Mele. 
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ORRHAGIC SHOCK: A SINGLE EXPERIMENT 


Results are those obtained at seven minutes of incubation of the reacting 
mixture, composed of the animal's serum and plasma and of human platelets. 


3) Activity of plasma prothrombin and labile 
factor (Figures 4 and 5). The activity of plasma 
prothrombin, still slightly low at the beginning of 
this phase, rose rapidly to normal figures within 
a few hours. The activity of plasma labile factor 
remained below normal during this phase. 

4) Plasma fibrinogen level remained very low 
for at least 12 hours after termination of bleed- 
ing, then began to rise (Figure 7). 

5) The fibrinolytic system continued to show 
considerable changes (Figure 8b) for at least 
48 additional hours. The findings were exactly 
the opposite of those observed in the early phase. 
The serum profibrinolytic activity was greatly in- 
creased, with a complementary fall in activity of 
serum antifibrinolysin. Again, no direct fibrino- 
lytic activity could be demonstrated. 

c) Recovery phase. 
quire a detailed description. 
to normal within 48 and 72 hours. 


This phase does not re- 
All values returned 


II, Anatomical and histological findings 


Control animals showed no significant macro 
scopic findings, with the exception of occasional, 
small superficial petechiae and ecchymotic areas of 
the lungs. In contrast, animals which had under- 
gone hemorrhagic shock showed evident areas of 
lung hemorrhage, decreasing in severity from the 
were 


third to the ninety-sixth hour. The areas 


often triangular in shape with the base toward 
the pleural surface of the lung and the apex on the 
hilus. At microscopic examination ® of the lung 
in animals killed within three hours, the arterial 
vessels were generally collapsed with a small 


amount of blood in their lumina. There was 


5 We wish to thank Dr. Joseph J. Giammalvo, Depart 
ment of Pathology, Tufts University School of Medicine, 
who kindly reviewed over two hundred sections and in 
terpreted them. Dr. James H. Graham and Dr. Salva 
tore Allegr:, Saint Elizabeth's Hospital, Boston, kindly 


helped in preliminary observations. 
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Fic. 10C. Historocic FEATURES OF HEMORRHAGIC 
SHock IN Raspit SACRIFICED THREE Hours’ AFTER 
IE-STABLISHMENT OF SHOCK 


me 
Pulmonary vessel containing thick fibers of fibrin 


Fic. 10A. Historocic Features oF Hemorrnacic  (hematoxylin-eosin stain, x 120). 
SHock IN Rassit Sacriricep THuree Hours AFTER 
I.STABLISHMENT OF SHOCK 
Pulmonary vessel, containing erythrocytes and “gran- 
ules” of material with the staining properties of fibrin 
(phosphotungstic acid hematoxylin stain, x 400). 


Fic. 10B. Htstotocic FErATuRES OF HEMORRHAGIC 
SHock IN Rapsir SACRIFICED THREE Hours AFTER 


ESTABLISHMENT OF SHOCK 
Fic. 10D. Huistotocic FrEAtTuRES OF HEMORRHAGIC 


SHocK IN RaAspit SACRIFICED THREE Hours AFTER 
ESTABLISHMENT OF SHOCK 


Hepatic vessel, containing erythrocytes, amorphous ma- 
terial and fine filaments of material with the staining 
properties of fibrin (phosphotungstic acid hematoxylin 
stain, X 800). Magnification of C (x 400). 
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diffuse intra-alveolar hemorrhage, and moder- 
ately severe edema and focal atelectasis were 
generally present at the periphery. The tertiary 
bronchi were partially filled with blood within 
which clusters of fibrin were present. Some of 
the major veins were filled with blood mixed 
with fibrin clots. The histologic appearance of 
fibrin varied from granules (Figure 10a) to fine 
filaments (Figure 10b) to thick fibers (Figure 
10c). 


fibrin was confirmed by their reaction with phos- 


The identification of these structures with 


photungstic acid hematoxylin and phloxinemethy- 
lene blue stains. Filaments and fibers were in- 
terwoven and surrounded granular masses of 
amorphous material resembling clumps of plate- 
lets. No organized thrombi were noted. A similar 
picture was observed within the venous vessels of 
liver and kidney. Findings were negligible after 
24 hours and had regressed entirely after 96 


hours. 


a 


HEMORRHAGIC 
Hours AFTER 


FEATURES OF 
THREE 


Fic. 1OE. HistoLocic 
SHocK IN RABBIT SACRIFICED 
ESTABLISHMENT OF SHOCK 


Hepatic vessel containing erythrocytes and fibrin fibers 
(phosphotungstic acid hematoxylin stain, < 1,500). 


IN HEMORRHAGIC SHOCK 


ne Ate i ak % 
ro apes d 
2 tes, 


PLASMA 
BovINE 


Fic. 10F. 
CONTAINING PLATELETS CLOTTED BY 
THROMBIN 


FEATURES OF HUMAN 
ADDITION OF 


HISTOLOGIC 


Appearance of fibrin strands in the human plasma clot 
(hematoxylin-eosin, X 400). Note similarity to filaments 


mec: 


III. 


breakdown of hemorrhagic shock 


Influence of splenectomy on the hemostatic 


the ac- 


celeration of the clotting time in dogs during ex- 


As mentioned, splenectomy prevents 


perimental hemorrhagic shock (4+). Accordingly, 
it was decided to evaluate the effects of splen- 
ectomy on the changes in the coagulation mecha- 
nism of bled rabbits. Splenectomy was performed 
in four rabbits under pentothal anesthesia ® by 
standard procedure. Three weeks after splen- 
ectomy, the same observations were carried out 
as for intact animals. Findings were much dif- 
ferent. Platelets and fibrinogen level decreased 
only slightly during bleeding (possibly because of 
blood loss). Platelets and fibrinogen, in fact, 
rose markedly 24 and 48 hoyirs later, respectively 
There was decreased yield and 


(Figure 11). 


6 Performed by Dr. Harman van Lessen (Bremerhaven, 
Germany) and Dr. Hector Marin. 
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Histotocic FEATURES OF HuMAN PLASMA 
CONTAINING PLATELETS CLOTTED BY ADDITION OF BOVINE 
THROMBIN 


Fic. 10G. 


Appearance of fibrin strands in the human plasma clot 
1,200). Note similarity with findings in D. 


speed of formation of thromboplastin for the first 
two to eight hours. The serum of the animal con- 
tained no clot accelerating agents as in the intact 
Changes in activity of plasma prothrom- 
Fibrino- 


rabbits. 
bin and labile factor were negligible. 
lytic activity decreased slightly for many hours ; 
the antifibrinolytic activity behaved in reciprocal 
manner to fibrinolysin (Figure 12). In any case, 
as discussed in the legends of Figures 11 and 12, 
changes were less significant than those observed 
in the intact animal. The autopsy performed 
three hours after bleeding showed no macroscopic 
hemorrhages in the lung or other organs. Micro- 
scopic sections of lung, liver and kidney showed 
numerous intravascular clumps of amorphous ma- 
terial which might have represented platelets. The 
findings were probably abnormal since they were 
not present in control animals. Yet no signifi- 
cant intravascular deposition of fibrin was seen, 


as in the intact animal. 


DISCUSSION 


The present work was originally planned to ex- 
plain some of the abnormalities of the hemostatic 
mechanism previously observed during massive 
bleeding with multiple replacement transfusions 
in patients undergoing surgery (21, 22). <A 
biphasic behavior was then recorded. Exagger- 
ated and faster formation of thromboplastin, 
thrombocytosis, fibrinogenopenia and elevated anti- 
fibrinolytic activity were observed in an early 
Severe breakdown of the hemostatic proc- 
ess followed, with marked thrombocytopenia, 
fibrinogenopenia and exalted fibrinolytic activity. 


phase. 


It was felt that the findings might have been due 
to the effect of hemorrhage (21). The conclu- 
sion is supported by the results of the studies re- 
ported here, as the present findings correlate well 
with the previous clinical observations 

An attempt was made in the course of this 
paper to divide the sequence of events into vari- 
ous phases (Figure 13). This was necessary since 
there were significant differences in findings at 
various intervals of time. This consideration 
might explain the discrepancies observed in the 
study of patients who develop hemorrhagic shock. 
In each phase, three significant factors were to be 
considered: 1) the blood loss; 2) the occurrence 
of intravascular clotting; and 3) the rapid rate 
of production of clotting factors by the body and 
the transfer of proteins from tissue pools to the 
circulating plasma. 

The blood loss seemed important in an early 
phase, since it induced rapid subtraction of clot- 
ting factors from the blood stream. Yet, a num- 
ber of findings indicated that blood loss alone 
might not be invoked as an overall explanation. 
Fibrinogen and other clotting factors remained 
low for hours, when synthesis and shifting from 
tissue pools to plasma should have induced an 
More important, the accelerated 
of plasma 


opposite trend. 
rate of formation and increased yield 
thromboplastin, and the appearance of a clot ac- 
celerating factor during the early phase of hemor- 
rhagic shock (the nature of which is being investi- 
gated) seemed to indicate “increased coagulabil- 
ity” of the blood. This hypothesis was further 
substantiated by the histologic findings of fibrin 
deposition within the blood stream. Thus, intra- 
vascular clotting was at least one (if not the most 
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Fic. Tl: 


Using Figures 1 and 7 as comparison, note: a) the initial high platelet 
count, to be expected three weeks after splenectomy; b) the lack of early ele- 
vation of platelets and their remarkable rise during the late phase of hemor- 
rhagic shock; and c) the fairly minor fall of fibrinogen level as compared 


to the extreme fibrinogenopenia of the intact animal. 
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@ Antifibrinolysin 
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Fic. 12. Tue Fiprtno_tytic SysteEM DuRING HEMORRHAGIC SHOCK IN FOUR 


SPLENECTOMIZED RABBITS 


Using Figure 8 as comparison, note: a) lack of significant changes in the 
early phase, and b) the minor, possibly insignificant, changes in the late 


phase. 
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Phases Late 
Fic. 13. 


This schematic figure shows the variations of many of 


Early Recovery 


HEMORRHAGIC SHOCK: A SUMMARY 
the clotting factors in relation to time (see text). Curves 
are based on the mean values in 12 animals selected at 
random, six of which were studied in the early, and six 


in the late and recovery phases. 


important) reason for further depletion of clot- 
ting factors observed in the late phase of hemor- 
rhagic shock. The clotting agents might have 
been used in the formation of multiple intra- 
vascular clots which were observed in our study. 
Intravascular coagulation might have also played 
a role in the establishment of “irreversible shock.” 
Why lung, liver (and kidney) were the organs 
where most of the deposition of fibrin was histo- 
logically evident cannot be explained with cer- 
tainty. It could be related to the function of these 
organs as filters for the general and mesenteric 
circulation. 

As it is generally assumed that the process of 
blood coagulation is a delicate balance between 
forces of clot formation and forces of clot lysis, 
it was not surprising that important changes in the 


AND MARIO STEFANINI 


fibrinolytic system occurred in hemorrhagic shock, 
together with the changes in activity, number and 
concentration of various clotting factors. These 
changes were difficult to interpret. There was a 
late rise in serum profibrinolytic activity which 
was, on the contrary, quite low in the early phase 
of shock. This suggested early consumption of 
profibrinolysin in vivo and, thus, activation of 
fibrinolysin which, then, may have followed in 
Antifibrino- 
lysin had a reciprocal behavior, possibly neu- 
tralizing the fibrinolytic activity and thus ex- 
plaining the lack of direct fibrinolytic activity 
of the sera im vitro. It is difficult to reject the 
temptation of interpreting these changes as ex- 
pression of a defense mechanism against extensive 


the wake of intravascular clotting. 


thrombosis. 

Finally, of great interest for the interpretation 
of the hemostatic changes associated with hemor- 
rhagic shock was the failure of these changes to 
develop in animals whose spleen had been re- 
cently removed. There was no evidence of for- 
mation of clot accelerating factors nor of impor- 
tant changes in the fibrinolytic system, such as 
were observed in the intact animal. From a 
histologic viewpoint, there was no intravascular 
deposition of fibrin. Possibly, findings could be 
explained simply by the loss of formed blood 
elements and of clotting factors through bleed- 
ing. On the basis of these results, it appeared 
difficult to exonerate a mechanism of splenic con- 
traction in the pathogenesis of the intravascular 
clotting of hemorrhagic shock. As already postu- 
lated by McClintock and Magers, the splenic con- 
bleeding might have 
into the blood 


This was likely to be a 


traction which followed 


caused emmission stream of a 
clot-promoting factor. 
tissular splenic thromboplastin or a_thrombo- 


plastic material from platelets lvsed in the spleen. 
SUM MARY 
1. Rabbits bled shock 


showed significant 


until development of 
alterations of the hemostatic 
Various phases were recognized. <A 
state of “hypercoagulability” of the blood de- 
veloped at first, as indicated by thrombocytosis, 


and 


process. 


accelerated thromboplastin, 
rapidly instituted fibrinogenopenia. Plasma loss 
was, at least in part, responsible for the latter 


(early phase). As the hemorrhagic shock deep- 


generation of 
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ened, even after bleeding was stopped, there was 
a complete hemostatic breakdown. Platelets, 
fibrinogen and other coagulation factors were 
depleted. Fibrinolysis also developed, possibly 
as a mechanism of defense against intravascular 
deposition of fibrin (late phase). The various 
clotting factors later returned to normal values in 
variable periods of time if the hemorrhage was 
arrested and the state of shock regressed (re- 
covery phase). 

2. Histologic studies showed significant intra- 
vascular deposition of fibrin, possibly of plate- 
lets, in the vessels of lung, kidney and_ liver. 
This suggested widespread intravascular clotting. 

3. Previous splenectomy mitigated the severity 
and duration of the hemostatic changes. 

4. There was a significant correlation between 
these experimental results and some findings of 
the severe hemostatic breakdown in the course of 
hemorrhagic shock in man. 
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During the clinical study and treatment of a 
group of patients with thyroid carcinoma, we 
have studied the effects of thyroid hormone on 
several metabolic systems under conditions in 
which the thyroid status of the patients could be 


controlled at will. Early in the tracer studies of 


iodoalbumin metabolism in these patients it was 
that it 
mathematical approach somewhat different from 


apparent Was necessary to employ a 


published methods of compartment analysis. 
Accordingly a suitable mathematical approach 
was developed by one of the present authors (1). 
In this report, the practical difficulties encoun- 
tered in application of the approach to experi- 
mental data and the theoretical implications of 
the approach are discussed. 

The kinetic analysis of the data of a single 
tracer study comprises the body of the report. 
Additional data from other tracer studies are 
included only insofar as they contribute to the 
development of the model chosen for analysis. 


METHODS 


General. The methods of dialysis of the commercial 
['8t Jabeled human serum albumin employed and details 
of the injection procedure, collection of blood and urine 
samples, quantitation of radioactivity in urine and plasma, 
determination of serum albumin and quantitation of total 
radioactivity removed in blood sampling have been given 
elsewhere (2). Stool collections were made only in the 


case of M.H. 


mens were suspended in concentrated sodium hydroxide 


in Experiment III. The individual speci- 
and distilled water to known volume, allowed to digest 
partly, and then agitated until a uniform pipettable mix- 
ture was obtained. The counting procedure was the same 


as that for urine and plasma (2). None of the patients 


\ 


studied showed albuminuria No chemical fractionation 


of label was done routinely on urine or plasma samples. 


* This work was supported in part by the Atomi 
Energy Commission. 
of Arthritis and 
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In an ancillary study, Patient G.S., hospitalized because 
of breast carcinoma with bone metastases, but clinically 
euthyroid and without evidence of cardiac, renal or hepatic 
disease, was given 2 mc. of iodoalbumin intravenously and 
two 24 hour urine collections were made. Chemical frac- 
tionation with added carrier of the first urine showed 0.004 
of the label precipitable with 5 per cent trichloracetic acid, 
0.854 precipitable with 10 per cent silver nitrate, and 0.144 
not precipitable with either agent. The respective figures 
for the second 24 hour urine were 0.004, 0.886 and 0.108. 
Paper chromatography showed the major constituents to 
be iodide (about 90 per cent) and diiodotyrosine (about 
10 percent). Inthe case of M. H., Experiment III, serum 
samples taken on Days 4 and 8 were subjected to paper 
electrophoresis. Virtually all of the label could be ac- 
counted for in the albumin fraction. 

The 


two experiments reported here (I and III) were carried 


Selection of patients and description of experiments. 


out on five patients, all under observation for treatment 
All had pre- 


radiation de- 


ot histologically proven thyroid carcinoma. 
viously had either surgical removal or [*! 
struction of their thyroids or both as part of their thera- 
peutic regimen. Those patients developing severe hypo- 
thyroidism or myxedema were chosen for the iodoalbumina 
tracer studies. 

Additional details of the clinical status of the patients 
and the experimental protocol for Experiment I are given 
in Reference (2). Features relevant to the present report 
follow. 

Experiment I. This experiment was performed to study 


the metabolism of iodoalbumin in the euthyroid and 


myxedematous steady states in the same individual. Four 
patients were studied, each in both states on different 
Blood and urine samples were collected for 14 


At the time 


occasions. 
days following injection of the I'*!-albumin. 
of the first tracer study all had gross clinical evidence of 
myxedema. Otherwise they were fully ambulatory and 
in good general physical condition throughout both studies. 
In six studies the thyroid uptake of I'*! was blocked either 
by an antithyroid drug or following cholecystography. In 
the two studies carried out without blocking agents the 
patients demonstrated their inability to retain I'*' pre- 
sented as iodide ion by excreting in four days 96 and 100 
per cent, respectively, of the label administered as Nal!*! 
in tracer studies carried out subsequent to the iodoalbumin 
studies but under the same metabolic conditions. 
Experiment ITI. 


1) to quantitate fecal excretion of label, 


This experiment was performed for 


four reasons: 
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2) to follow urinary excretion and plasma levels for a pro- 
longed period during a steady metabolic state, 3) to study 
in a recipient subject the metabolic behavior of iodo- 
albumin previously subjected to an eight day tenure in a 
donor subject, and 4) to study carefully the early renal 
excretion of label in the recipient. It was thought that 
the donor would act as a biological ‘“‘filter’’ and remove 
from the labeled material the more rapidly degraded con- 
stituents, if any were present, rendering a more 
homogeneous product for the recipient tracer study. 

Two patients were studied. 
81 year old female with known thyroid cancer and cranial 
metastases for nine years. 


The donor, M. H., was an 


She had received multiple ['*! 
therapies in the previous four years with almost complete 
destruction of the cranial lesion but with persistence of a 
large cervical tumor. In addition she had hypertension 
and arteriosclerotic heart disease with angina pectoris but 
no evidence of congestive failure or hepatic or renal dis- 
Two months prior to the experiment her cholesterol 
was 364 mg. per cent and she was started on Tapazole®, 
40 mg. daily. The latter was continued throughout the 
63 days of the study during which time she exhibited 
evidence of myxedema. During the study her mean 
cholesterol was 328 mg. per cent; her mean basal meta- 
bolic rate (BMR), —37 per cent. Her weight varied from 
65.1 Kg. at the beginning to 64.5 Kg. at the end of the 
study. A Nal! tracer given after completion of the study 
showed a urinary excretion of 0.966 of the dose in 10 days. 

The pertinent clinical data on R.B., the recipient, 
appear elsewhere (2). 


ease. 


For one month prior to and during 
the study she received Tapazole®, 40 mg., and triiodo- 
thyronine, 150 yug., daily. 
solution of potassium iodide, 15 minims daily, during the 
experiment. Her weight varied between 49.1 and 50.6 


She was also given saturated 


Kg. Her electrocardiogram was normal, her mean choles- 
terol 149 mg. per cent. 
hyperthyroid. 

On Day 1 of the study, M.H., the donor, was given 
intravenously 4.82 me. of I'* iodoalbumin. 


Clinically she appeared mildly 


Plasma sam- 
ples were taken as previously described. All urinary void- 
ings were collected separately for the first six days, after 
On Day 8, 450 ml. 
of blood representing 281 ml. of plasma was taken by 


venepuncture under sterile precautions with simultaneous 


which 24 hour collections were made. 


(The latter was considered man- 
The 
plasma was separated by centrifugation and three hours 
after venesection 240 ml. of the nondialyzed donor plasma 
The 


The first plasma sample 


replacement transfusion. 
datory in view of the donor’s cardiovascular status.) 


of activity 37 wc. was given intravenously to R. B. 
injection required 28 minutes. 
was taken six minutes following completion of the injection. 

All urinary voidings were collected separately for the 
first six days and then 24 hour collections were made. 
In the case of R. B. the study was continued for 20 days 
Nal! 


formed after completion of the iodoalbumin study showed 


following injection. An intravenous tracer per- 


0.966 urinary excretion of [!* in four days. Similarly an 
intravenous tracer of I'!-diiodotyrosine under the same 
regimen that existed during the iodoalbumin study showed 
0.994 urinary excretion of I'* in five days. 
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In the case of R. B. the per cent probable error of 
counting of the least active plasma samples did not exceed 
0.9 per cent; that of the least active urine samples, 3.4 per 
cent. For M.H. the respective figures were 0.8 and 1.2 
per cent. For the stool samples of M.H. the per cent 
probable error did not exceed 6.4 per cent except in 14 
samples toward the end of the study where the probable 
error was as high as 15 per cent. 

Units and graphical representation of data. 
cific activity was expressed as fraction of the injected dose 


Plasma spe- 
of radioactivity per gram of albumin. In Experiments ] 
and III the variation in serially determined plasma albu- 
min concentrations was within the error of the method. 
Plasma specific activity was plotted against time (in 
hours) on semilogarithmic coordinates. In all cases these 
curves could be reduced to a minimum of three exponential 
components by standard methods of graphical analysis. 
The slowest component was obtained first by a least squares 
fit of the terminal linear portion of the plot. 
mainder of the curve was smoothed by eye, and the two 


The re- 


additional components were obtained by serial subtraction 
in the usual way (3). 
and of the ordinate intercept of the slowest component 


The standard errors of the slope 


were computed according to the method described by 
Snedecor (4). 
component was available from the least squares calcula- 


The exponential constant, a, for the slow 
tions. The Ty of each of the faster components was ob- 
tained directly from the graph and the exponential constant 
computed from the relationship: aTy = 0.693. The ordi- 
nate intercepts of the three components gave the coeffi- 
cients, Xji, of the exponential terms. 

Urinary excretion data were plotted as cumulative frac- 
tion retained (1-cumulative excretion) on semilogarithmic 
coordinates. The cumulative fraction retained was cor- 
rected for fraction removed in blood sampling in Experi- 
In the case of M.H. the total fraction of the 
injected dose removed in blood sampling over the 63 days 


ment III. 


of the experiment was 0.0347, including 0.0177 removed to 
obtain labeled plasma for injection into R.B. In the 
case of R. B., Experiment I11, 0.025 of the injected dose 
was removed in blood sampling over a 20 day period 
(larger blood samples were required because of the rela- 
tively small amount of radioactivity injected). In all 
other instances the fraction removed in sampling was less 
M. H., 
Experiment III, the cumulative fecal excretion in 63 days 
was 0.0156. 


the cumulative fraction retained in this instance, but fecal 


than 0.01 and was disregarded. In the case of 


This was taken into account in computing 


excretion was not measured and was disregarded in all of 
the other studies, which were of shorter duration. 

The terminal, apparently linear, portions of the reten- 
tion curves (beginning about the fourth or fifth day) were 
fitted by the method of least squares and the standard 
errors of the slopes and ordinate intercepts computed by 
the same approach that was used for the plasma curves. 


RESULTS AND ANALYSIS OF DATA 


Definitions 


Carrier: The unlabeled form of the substance 
being studied. 
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Compartment: An aggregate of molecules 
which have the same transition probability from 
the state they are in to all other available states. 

lodoalbumin degradation: Alteration of the 
iodoalbumin molecule such that iodine in an 
excretable form is liberated. 

Three-compartment series model: A_ three- 
compartment system in which the originally 
labeled compartment interacts with only one of 
the two remaining compartments. 

Three-compartment parallel model: A three- 
compartment system in which the originally 
labeled compartment interacts with both the 
remaining compartments which in turn do not 
interact with each other. 

Aji: The coefficient of the it" exponential term 
in the equation describing the fraction of injected 
tracer in the j** compartment as a function of 
time. Graphically, an ordinate intercept. 

aj: Exponential constant (fraction per hour) 
in the it exponential term. 

S;: The amount of carrier albumin (grams) 
in the j*® compartment. 

Sr: Sum of carrier (grams) in all compart- 
ments (total exchangeable albumin). 

qj{t): Quantity of label (fraction of injected 
dose) in compartment j at time t. 

x(t): Specific activity (fraction of injected 
dose of label per gram of carrier) of compart- 
ment j at time t. 

Xji: Coefficient of the it" exponential term in 
the equation describing the specific activity of 
the j'* compartment as a function of time. 
Graphically an ordinate intercept. 

\ij: Fraction of S; or q;(t) transferred to com- 
partment 1 from compartment j per hour; a 
fractional turnover rate.! 

oj: Fraction of S; or qj(t) leaving the ex- 
changing system per hour by all avenues of uni- 
directional loss.'* 

jj): Sum of all fractional rates of loss of S; 
or qj(t) from compartment j per hour; the total 


fractional turnover rate of compartment j. 


' We wish to emphasize that the subscripts of \j; and 
pij are read “toi from j."" This is a reversal of the direc- 
tional sense of the subscript notation commonly appearing 
in the biological literature and was employed here because 
of greater convenience in matrix operations and to preserve 
notational consistency with Reference (1). 

* Unidirectional loss, as used here, includes such proc- 
esses as iodoalbumin degradation, proteinuria and transfer 


to nonexchanging compartments. 
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Nor: Fraction of Sr leaving the exchanging 
system per hour by all avenues of unidirectional 
loss.!:? 

pij: Rate of transfer of carrier 
hour) to compartment i from compartment j.' 

ps: Steady state rate of synthesis of carrier 
(grams per hour). 

Kie: Fraction of iodide in the iodide space ex- 
creted by the kidneys per hour. 

Kge: Fraction of diiodotyrosine in the diiodo- 
tyrosine space excreted by the kidneys per hour. 


(grams per 


Development of a schematic model for kinetic analy- 
sis of data 

Evidence has been presented by many investi- 
gators for the existence of an extravascular albu- 
min compartment approximating in size the 
plasma albumin (5-7). The model proposed in 
this paper consists of plasma (Compartment 1), 
two extravascular exchanging compartments 
(Compartments 2 and 3), a compartment con- 
taining nonexcreted degradation products (Com- 
partment 4), collected urine (Compartment 5) 
and an extravascular nonexchanging compart- 
ment (Compartment 6). Several arguments to 
justify the choice of this model follow. 

The data of R. B., Experiment III, are pre- 
sented graphically in Figure 1. Graphic analy- 
sis of the plasma curves indicated that in all the 
tracer studies plasma specific activity could be 
expressed as a function of time by an equation 
involving a minimum of three exponential terms: 


1) x(t) = Xue val + Xe aot Xe eet. 


The fact that three exponential components were 
necessary to fit the plasma curves requires that 
the system be composed of at least three com- 
partments (1). The recovery of label in urine 
and feces indicates a system of the open type. 

It can be shown (1) for a three-compartment 
steady state system, open or closed, that the 
specific activity or quantity of labeled material 
in each of the compartments may be expressed 
as a function of time by an equation involving 
three exponential terms, the exponential con- 
stants of which (a;) are identical for all the com- 
partments: 


qi(t) = Ane~™* + Are + Ajse~*t, 


where 


2a) 


> Ai = 1 
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The coordinates of the upper two curves are semilogarithmic; those of the lower curve are 


linear. 
b) qo(t) = Age—@t + Ane—at + Anse ast, 
where 
> Ax = 0 
C) qa(t) = Asset + Agse~™t + A;se~t, 
where 
=. 0: 


> Asi 


? 


Equation / may be normalized to Equation 2a 


by setting 
Xi 


Ai=z3 : =. 
Me Xu + Xu + Xu 


It follows, therefore, that experimental data ob- 
tained on the amount or specific activity of isotope 
in any one compartment or any linear combina- 
tion of compartments should yield (within ex- 
perimental error) the same set of slopes (a’s) 
when analyzed as a sum of exponential terms. 
Comparison of the retention curve and plasma 
specific activity curve in Figure 1 shows that 
both approach straight lines after about 120 


hours. The terminal slopes of the lines are sig- 
nificantly different, however, with plasma having 
the greater slope. A similar significant discrep- 
ancy in terminal plasma and retention slopes 
measured over approximately the same time in- 
terval was encountered in all the tracer studies 
performed. 


the retention curve represented the sum of the 


From what has been said above, if 


exchanging albumin compartments, its final slope 
would have been the same as the final plasma 
slope. The slower slope of the retention curve 
suggests that it includes an additional compart- 
ment having negligible feedback to the exchang- 
ing system during the experiment. <A_ similar 
discrepancy in slopes was noted in some but not 
all instances by Berson, Yalow, Schreiber and 
Post and was attributed to incomplete urine 
collections (7). 
evident in Myant’s data in connection with 
studies of ['%! gamma globulin (8). Further 
support for the loss of label from the exchanging 
system to a compartment other than urine comes 


from the fact that the asymptotic value of cumu- 


Comparable findings are also 
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lative urinary excretion was well below 100 per 
cent of the dose. Although measurements were 
not carried out long enough to determine the 
value of the asymptote experimentally, it can be 
computed as follows: 

With qs(t) defined as the cumulative urinary 
excretion of label, a plot of the logarithm of the 
dqs(t) 

dt ’ 
terminal slope (a3) is virtually the same as the 
If, at time t, 


daily urinary excretion, shows that its 


terminal slope of the plasma curve. 
dq;(t) 

dt 
lished and if it is assumed that the terminal slope 


the terminal slope of has become estab- 


will remain constant indefinitely, one can com- 
pute the total expected excretion after time t1: 


m 
daq;(t dqs(t:) | 1 

4) f 15 ( ) dt ae 15( 1 oes, 

™ dt dt as 

dqs(ti) . = . 

where 7 v is the rate of urinary excretion of 

( 
label at time t,. If the cumulative quantity of 
label in the urine at time t; is qs(t:), the asymp- 


totic value of urinary excretion (A;;) becomes: 


dt as 


5 5 ( 1 
5) qs(*) = Ass = qs(ts) + |“ | 2 . 


In all the tracer studies performed, the value of 


Ass So computed was less than unity. ~The mean 
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value obtained in 11 studies was 0.807. The 
difference of 0.193 must represent loss from the 
system into a site other than collected urine. 

These findings indicated that even after a 
reasonable period for mixing, the label continues 
to leave the plasma at a faster rate than can be 
accounted for by collected urinary excretion and 
sampling. Among the more likely possibilities 
are the following: 

1) Significant external loss of label by routes 
other than renal, or incomplete urinary collec- 
tions. This seems unlikely in view of the dem- 
onstrated negligible fecal excretion and the re- 
covery in urine of administered iodide I'* and 
diiodotyrosine I'*! in amounts closely approach- 
ing 100 per cent of the administered dose. Label 
removed in sampling was quantitated and cor- 
rected for when it exceeded 1 per cent of the dose. 

2) Entry of label into the thyroidal system 
with resultant delay in excretion. This is un- 
likely in view of the negligible fecal excretion and 
virtually quantitative urinary recovery of [}* 
administered as sodium iodide, verifying the ade- 
quacy of blockage of I'* uptake of any func- 
tioning thyroidal tissue present. 

3) Loss of label to an extravascular compart- 
ment (exclusive of the thyroid) having a very 
slow turnover rate. 

In this paper the third possibility is accepted 
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and the presence of an extravascular compart- 
ment showing negligible feedback of label to 
plasma during the course of the experiments is 
postulated. We wish to emphasize that the ex- 
perimental evidence for the existence of this 
postulated Compartment 6 rests entirely on the 
fact that the calculated values for asymptotic 
urinary excretion were less than 100 per cent of 
the injected dose. 

If an extravascular nonthyroidal compartment 
not readily in exchange with plasma exists, the 
question of its rate of turnover arises. After a 
sufficiently long time lapse, one would expect the 
final slopes of radioactivity in each compartment 
and the slope of their sum, the total label reten- 
tion, to become equal to the slope of the plasma 
curve. Equality of plasma and retention slopes 
was not reached in studies carried out to 36 days 
[Experiment II, (2) ]. For this reason fecal and 
urinary excretion of label, plasma specific activ- 
ity and label removed in blood sampling were 
measured in the study of M. H., Experiment ITI, 
for 63 days. 

The data are plotted in Figure 2. 
in the plasma specific activity and retention 
curves associated with the withdrawal and trans- 
fusion of blood on the eighth day are easily seen. 
The relative slowness with which the retention 
and plasma curves approach an apparent con- 
stant final slope might be explained by a non- 
homogeneous population of injected iodoalbumin 


The breaks 


containing some elements more rapidly degraded 
than others or by the presence in the transfused 
blood of an agent capable of accelerating degra- 
dation. 

In any event, the retention curve at about 30 
days and the plasma curve at about 19 days 
closely approach an apparent constant final slope. 


The Ty obtained by a least squares fit of the 


plasma curve from the nineteenth to thirty-ninth 
days is 24.9 + 1.4 days, and from the thirty- 
ninth to sixty-third days, 27.5 + 1.5days. From 
the thirty-ninth to sixty-third days the T; of the 
retention curves is 35.1 + 0.2 days. ‘The differ- 
ence in slope of the plasma and retention curves 
(thirty-ninth to sixty-third days) is highly sig- 
nificant statistically. The two curves show little 
tendency to become parallel. It is apparent 
that, in this patient, to achieve equality of slopes 


would require a period considerably longer than 
63 days. 

Tracer experiments of sufficient duration to 
allow quantitation of Sr (including the postu- 
lated slowly exchanging Compartment 6) ap- 
peared impractical. It seemed more reasonable 
to treat Compartment 6 analytically, not as an 
exchanging compartment, but as an internal, 
nonfeedback compartment. 

Knowledge relative to the mechanism and site 
of iodoalbumin degradation is limited. Berson 
and Yalow (9) noted an apparent closer correla- 
tion between plasma radioactivity and renal ex- 
cretion than between radioactivity in ascitic fluid 
or extravascular space and renal excretion, from 
which the major site of iodoalbumin degradation 
was inferred to be the plasma or some extra- 
vascular compartment equilibrating rapidly with 
plasma. ‘The urine fractionation carried out in 
the case of G. S. (see ‘‘Methods’’) indicated that 
the excretion forms of label were principally 
iodide ion and diiodotyrosine. 

It has been shown by Albert and Keating (10) 
and confirmed in this study that in the presence 
of adequate thyroid block, the radioactivity of 
labeled iodide ion or diiodotyrosine given intra- 
venously is recovered virtually quantitatively in 
the urine. Similarly Skanse (11) reported a 72 
hour urinary recovery of 98 per cent of I'*! ad- 
ministered to thyroidectomized patients. ‘This 
suggests that once the breakdown of iodoalbumin 
has progressed to the stage of iodide or iodinated 
tyrosines, the products of breakdown are quanti- 
tatively excreted in the urine. Degradation, 
subsequent to this stage, can reasonably be re- 
garded as a nonfeedback process without reincor- 
poration of iodine into protein. 

The volume of distribution of iodide and its 
rate constant of excretion have been extensively 
studied. Representative figures from the litera- 
ture give the volume of distribution of iodide as 
approximately 34 per cent of the body weight 
and the rate constant of iodide excretion as 0.072 
per hour (12). Though diiodotyrosine is, for the 
most part, rapidly deiodinated when given intra- 
venously and excreted principally as iodide, 
Albert and Keating (10) calculated the rate con- 
stant of excretion of diiodotyrosine per se as 0.013 
per hour. 

It is clear that once label is liberated from 
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Fic. 3. A Stx-COMPARTMENT SySTEM CONSISTING OI 
PHREE EXCHANGING COMPARTMENTS (1, 2 AND 3) AND 
THREE ANCILLARY NONEXCHANGING COMPARTMENTS (4, 
5 AND 6) 


Compartment 1 (plasma) is the initially labeled and 


sampled compartment. Compartments 2 and 3 are, re- 


spectively, rapidly and slowly exchanging extravascular 
compartments. Compartment 6 is the postulated body 


compartment treated analytically as a nonexchanging 


compartment. Compartment 4 represents nonexcreted 


labeled degradation products. Compartment 5 is col- 
lected urine. 


is not restricted and is depicted (broken arrows) as being 


The entry site of newly synthesized carrier 


either of the exchanging compartments. The rate con- 
stants of transfer (the fractional turnover rates) and the 
steady state rate of carrier synthesis (p,) appear beside 


the appropriately directed arrows. 


iodoalbumin, it is not instantaneously excreted. 
Furthermore, the volumes of distribution of iodo- 
albumin and iodide are markedly different, com- 
prising roughly 10 and 30 per cent, respectively, 
of the body weight. The excretion of liberated 
iodide will accordingly be modified by its trans- 
port into a larger volume of distribution and also 
The 


excretion of noniodide degradation products will 


by its rate constant of renal excretion. 
be similarly modified. These considerations led 
to the introduction into the model of a compart- 
ment (Compartment 4) to represent degradation 


products not yet excreted. 
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The model and its solution 


The simplest general model that is compatible 
with the various considerations outlined above is 
shown in Figure 3. The meaning of the com- 
partment numbers is given in and below the 
figure. The model consists of six compartments, 
three of which (1, 2 and 3) are exchanging com- 
partments and three of which (4, 5 and 6) are 
nonexchanging compartments. The principal 
problem presented by this model is the determi- 
nation of the configuration of the exchanging 
three-compartment system. Compartments 4, 
5 and 6, the nonexchanging or ancillary compart- 
ments, must be considered, however, if solution 
of the configuration of the exchanging system is 
to be realized. 

Most complete measurements of the system 
were made in the case of R. B., Experiment III. 
Tagged albumin which could reasonably be ex- 
pected to be metabolically homogeneous because 
of previous tenure in a donor patient was intro- 
duced into plasma (Compartment 1) and repeated 
measurements of plasma specific activity and 
cumulative urinary excretion of label (Compart- 
ment 5) were made (Figure 1). 

Xss Was assumed to be known on the basis 
of considerations to be discussed later. From 
knowledge of qs(t), qa(t) can be calculated from 
the relation: 


dq;(t) 


5 (t 
dt 5aqa(t) 


1 dqs(t) 


6) 
54 dt 


q(t) nas 
dq;(t) 
‘dt 
analytic differentiation of q;(t). 

No measurements of the postulated Compart- 
ment 6 were made. By definition and from 
theoretical considerations (1) it follows that the 


can be obtained by either graphical or 


asymptotic value of qe(t) must equal 1 — Ass, 
the asymptotic value of q;(t), and that qe¢(t) 
must have the same exponential slopes (a1, a2 
and a3) as the plasma curve. From the avail- 
able data, however, solution of the individual 
turnover rates Agi, As2 and Ag; is not possible. 
To pursue further the solution of the exchanging 
iodoalbumin system it is helpful to get an ex- 
pression for the total radioactivity in Compart- 
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ments 2 and 3 as a function of time. This 
requires an expression for the radioactivity in 
Compartment 6 as a function of time. For 
mathematical simplicity it was assumed that the 
activity in Compartment 6 is proportional to the 
sum of the activity in Compartments 4 and 5 
so that 


qe(t) = K[iqa(t) + qs(t)] 
and 
qs(* ) + Kqs() = 1 


where 


ke 1 — qs(~) 


qs(*) 


1 7 Ass 
Ags 


Although this assumption may result in com- 
pletely erroneous values for X61, Agz and Agz, its 
effect on the turnover rates of the exchanging 
system is relatively small because q¢(t) is small 
compared to q;(t). 

From the data and the above assumptions 
regarding Xs; and Compartment 6, the total 
radioactivity in Compartments 2 and 3 can be 
calculated from the relation 


7a) qe(t) + qa(t) 
= 1 — [qi(t) + qa(t) + qs(t) + qe(t) ] 
qa(t) + qs(t) 


«i 
Ass 


qi(t ) + 
From Equations 2(d-c) it follows that Equation 


7a) may be written: 


b) qo(t) + qs(t) 
(An + ( Ax» =e Azo), agt 


+ (Avg + Ags)e~*, 


Az ), at + 


where 


> (Aoi + Aszi) 
1 
The problem of the exchanging iodoalbumin 
system reduces to the general solution of a three- 
compartmental system when data on the com- 
partment into which label is initially injected 
and the sum of the two other compartments is 
available. The considerations and solution that 
follow are based on the steady state analysis in 
Reference (1) and no effort will be made here to 
justify it. 
The general three-compartment system (shown 
schematically in Figure 4) is characterized by nine 
independent fractional turnover rates, three for 
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Fic. 4. THE GENERAL THREE-COMPARTMENT SYSTEM 
PROVIDING FOR Two Way EXCHANGE OF ANY ONE Com- 
PARTMENT WITH EACH OF THE OTHER TWO AND FOR ENTRY 
OF NEW CARRIER INTO, AND EXCRETION OF CARRIER FROM, 
EACH OF THE COMPARTMENTS 

Such a system is characterized by the nine independent 
fractional turnover rates shown beside each of the appro- 
priately directed arrows. jj is defined as the sum of 
the fractional turnover rates of compartment j; for ex 
ample, Av = Ao + Aw + Ase 
each compartment. Radioactivity-time meas- 
urements of any one compartment contain five 
independent constants: three a’s and two A’s. 
Only two of the three A’s obtained from meas- 
urements of a sampled compartment are inde- 
pendent since the sum of the -\'s is fixed for each 
compartment (see Equation 2). Two additional 
independent constants (two .\’s) are contained 
in the measurements of each additional compart 
ment. Nine measured independent constants 
(six A’s and three a’s) corresponding to the nine 
independent fractional turnover rates (\’s) are 
required for a complete (unique) solution of the 
The data of R. B., Experiment II], con- 
tain seven independent constants: five from qi(t) 
(two A’sand three a’s) and two from qo(t) + qs(t) 


system. 


(two A’s). This means that (9 7 ) 2 inde- 


pendent variables are left undetermined. Con- 
sequently the data do not permit a unique solu 


tion of the svstem.* This means that there exist 


} Subsequently we shall speak of a system to mean a given 
number of compartments without regard for the values of 
their turnover rates or the manner of their interconnection 
A model will mean a system with a specified set of turn 
that is consistent with the 


over rates mathematically 


experimentally measured quantities. A physically realiz 


able model will mean one in which all the turnover rates 


are positive or zero 
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not one but an infinity of compatible models each 
of which is mathematically consistent with the 
experimental data. 

Even though the number of models consistent 
with the data is infinite, the range of variation 
of each turnover rate for all possible compatible 
models may be quite restricted. It will now be 
shown how to obtain the range of variation of 
the turnover rates for all models and their values 
for a chosen model. 

The procedures outlined follow from the treat- 
ment presented in Reference (1); they are, how- 
ever, sufficiently complete so that they may be 
The original treat- 
order 


used without Reference (1). 
ment starts with the conventional first 
differential equations that describe the kinetics 
of isotopes. These are then transformed—using 
Laplace transform methods and matrix algebra- 
so that the solutions of turnover rates are ex- 
pressible in simple algebraic equations and in 
terms of slopes and intercepts of the data ex- 
pressed as a sum of exponential terms. 

In the conventional solutions of model turn- 
over rates using differential equations it is neces- 
sary that the data be complete to determine the 
model uniquely. When the data are incomplete 
some simplified model has to be assumed and 
then tested to see if it is compatible with the 
data. In special cases, certain turnover rates 
may be solved for directly from the data without 
assuming any model. There are no criteria, 
however, that can be applied to determine which 
models are or are not compatible with the data, 
or which turnover rates can or cannot be solved 
for directly. Furthermore, if one cannot think 
of a special model or solve for some turnover 
rates, much of the information contained in the 
data cannot be used. 

The solution presented here is different from 
the above in that no assumptions as to any model 
A general solution is obtained 

From 
deduce 


have to be made. 
that represents the solution of all models. 
the general solution, one can readily 


q2(t) = 


which models are or are not possible without 
necessarily solving for the turnover rates of the 
models. Furthermore, the general solution per- 
mits the easy calculation of the turnover rates of 
any desired model and the determination of the 
range or degree of variation of any one turnover 
rate for all models. 

There are various ways to obtain an expression 
for the general solution of the system. The 
method presented here was chosen because of its 
relative simplicity. It is broken down into two 
steps. The first step is to obtain a solution for 
the turnover rates of one model consistent with 
the data. The second step is to express the 
turnover rates of the general solution in terms 
of the solved model rates and two variables (x 
and y) that express the incompleteness of the 
data. 

As already pointed out, the data are insuffi- 
cient to determine a model uniquely. Hence, to 
solve for some compatible model, certain assump- 
tions must be made. Here, again, there is a 
difference between the conventional differential 
equation methods and this method. In the for- 
mer, assumptions are made about the model— 
i.e., certain turnover rates are set to zero. Then 
one solves for the assumed model turnover rates 
and checks to see if the solution is compatible. 
In the method presented here, the assumptions 
are made about the missing data—z.e., arbitrary 
values are assigned to them with the only re- 
striction being that the initial conditions be 
satisfied. This may result in peculiar physical 
models in that some turnover rates may be nega- 
tive. This, however, is of no significance in this 
method because mathematically, such a model is 
consistent with the data. The general solution 
merely uses the values of the solved model for 
an expression that includes all mathematically 
consistent models—those that are physically 
realizable and nonrealizable. 

The assumptions made here about the missing 
data to yield the solution of a@ model are: 


(Ave + Ase)e~* — (Aze + Aze)e* 


= (As + A3:)e733 





qs(t) oe (Aa T Aa)e7@t 
) 


qz(t) + q3(t) = (An + Asie + (Azo + Aze)e@ — (Aa +An+ Ags + Ago)e~3* 


The expression for qo(t) + q3(t) is the same as Equation 7). 
Several other ways to obtain the solution of a model are 


The above assumptions are arbitrary. 
discussed in Reference (1). 
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Using these assumptions, the solution of the model turnover rates (this follows from any method 
of solution) are: 
8a) a’ = Ana + Arar + Arsas 
b) Nal = wees [Au(a1 — a2) — Ars(a2 — as) J 
i... 
(Ag + Asi 
d) No’ = — (Ase + Azz) (a2 — as) 
e) No’ = (An + Ais)a2 + Aisas 
; » _ Ar(Age + Ase 
, ieee ET Oe 
g) As’ = — (Aor + Azi) (ar — a3) 
; Ast + Asi) (Ai) 
” dat = © (Aes 5 
1) Mss = (Are + Ais)ar + Anas 
J) Nor = (Air + Aor + Asi)ar + (Ar2 + Ase + Ase)ae + (Ais + Avs + Ags). 
The values of the A’s and a’s of these equations are the values of the A’s and a’s of Equations 2a 
and 76 that fit the experimental data. 


The general solution can be obtained in terms of the values of the specific solution and the two 
missing’ data. The equations were derived using a matrix 


Cc) Nz’ = 


j [Ai2(ar — a2) + Ais(ai — as) | 


(a2 adi a3) 


(a1 = Q@3) 


variables (x and y) that represent the ‘ 
mapping technique (1) whereby the given data are kept fixed for all the variations in the unknown 
data.‘ The general solution is: 
9a) An = An’ 
‘ hw (1 — y) — Aus’ (1 — x) 
b) N12 = om ——— Sus . 
Xx—vV 
_ An’V + Ni3'X 
x—-y 
d) = Ao’ 
baal Aor’ (1 =a oe Nos (1 — Te) 
x-—y 
wer Noe’ V + Yos’x 
x—y 
= dox + As’ y 
(Noo'X — ze’) (1 snes y) + (No3’X — 33 V) (1 — XK) 
x—-y 
(Aoo’x — Azo V)Y + (No3/X = 33'V )X 
x—y 


Cc) Ais = 


e) 


1) 2 = 
4In matrix notation the general solution of the |A| matrix may be expressed in terms of any specific solution 
|\’| matrix as 
[Al = [\’| [P“I, 


where the matrix |P| represents a mapping that preserves the given data q,(t) and q(t) + qs(t) and is of the form: 
| g g ] | | 
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Ast = Ao’ (1 — x) + Ag’(1 — y) 


X 
Aw’ (1 —y)Jy + [ 


x—y 


is [ roe’ (1 ane © | 


The primes refer to any compatible model 
Such 
called a “‘generating model’’ when it is used to 


that is already solved. a model will be 


generate all other mathematically compatible 
models from it, as indicated by Equations 9(a—/). 

The substitution of any value of x and y into 
Equations 9(a—/) results in the correct solution 
of some compatible model. On the other hand, 
the arbitrary assignment of some \j; to zero 

For 
Since 
there are only two variables and nine independ- 
at 
can in general be set equal to zero simultaneously. 


results in a constraint on the x’s and y’s. 
each \j; a different constraint may result. 
ent turnover two turnover rates 


rates, most 


rhus, for example, a parallel model requires that 
oz Az2 = 0. 


equations in x and y, the solution of which yields 
Substitution of 


= This results in two simultaneous 
a value of x and a value of y. 
these values into Equations 9(a-/) gives the 
values of the turnover rates for the parallel 
model. 

The analysis presented is adequate when the 
data is in the required form. Certain difficulties 
that arise in practice will now be discussed with 
regard to the data of R. B., Experiment III. 

In Experiment III, two corrections of the data 
as obtained involving Compartment 4 required 
consideration. J) The labeled plasma removed 
from M. H. and injected into R. B. was not dia- 
lyzed prior to injection to remove degradation 
products of iodoalbumin not yet excreted by the 
donor. A correction of the urinary excretion 
curve of R. B. for injected label not in the form 
of iodoalbumin was necessary. 2) The plasma 
curve was obtained from counts on unfraction- 
ated plasma which contains some Compartment 
4 activity. It is apparent that suitable correc- 
tions require that Compartment 4 activity as a 
function of time be known for the donor and 
recipient. 

From theoretical considerations it can be shown 
1) that, for the system under consideration (see 


Figure 5), the cumulative urinary excretion curve 
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— doo’ (1 — x) + Aze’(1 — v)](1 — vy) — [Aos’(1 — x) — As,’(1 — vy) JM — x) 


V 


— dos’ (1 — x) + Ag;’(1 — y) 


]x 


is composed of four exponential components and 
a constant: 


qs(t) = Asie @* + Agee * +- Ags. %* 
+ Asse rt + Ags, 


10) 


where a1, a2 and a; are identical to the a’s of the 

plasma curve and Ag, is the fractional turnover 

rate of Compartment 4. Theoretically, then, 

\s, can be obtained directly by graphic analysis 

dc 5(t) . ° 
‘ - can be obtained by graphic or 
c 


analytical differentiation of qs(t), and q4(t) com- 


of qs(t Ie 


puted from Equation 6. 

From a practical standpoint, however, even 
with frequent early urine collections, resolution 
of the excretion curve into all of its components 
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Fic. 5. GRAPHICAL DIFFERENTIATION OF q;(t) 
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The left ordinate of the figure refers to q(t); right 


ordinate to qs(t). 
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within the restrictions imposed by the system 
was difficult and the reliability of the compo- 
nents other than the aj component and Ag5s5 was 
questionable. The values of a1, a2 and a3 were 
considered to have been reliably determined from 
the plasma data and could be used as guides in 
resolving the components of the excretion curve. 
However, since the \;, component does not ap- 
pear in the plasma data (see Equation 2a), it 
was desirable to have an independent measure of 
this constant. 

In the fractionation study of urinary excretion 
forms of label performed on G. S., the label re- 
leased by degradation of iodoalbumin appeared 
in the urine as 0.875 iodide and 0.125 diiodo- 
tyrosine (mean of two 24 hour collections). 
Studies by Albert and Keating (10) indicate that 
the rate constant of renal excretion of diiodo- 
tyrosine (Kg) is approximately 0.169 that of 
iodide (Kj.). 
of excretion of all forms of label from degraded 


Since \s54 is the mean rate constant 


iodoalbumin, it was approximated as a weighted 


average by the relationship: 


11) Ass & 0.875 Kie + 0.125 (0.169) Ki 


=- 0/896: K;.. 


Following completion of the iodoalbumin experi- 
ment Kj. was determined for both the donor and 
recipient by independent Nal'*! studies according 
to the method outlined by Keating, Power, Berk- 
son and Haines (13) and X54 for each was com- 
puted from the relationship in Equation //. 

Toestimate the volume of distribution of Com- 
partment 4, iodide space was accepted as 0.34 of 
the body weight (12) and diiodotyrosine space as 
0.53 of the body weight (10). 
weighted mean, a volume of distribution for Com- 
partment 4 of 0.364 of the body weight. 

In the case of the donor q4(t) was computed 
from Equation 6 for the time of withdrawal of 


This gave, as a 


labeled plasma. When the difference in distri- 
bution volumes of Compartments 4 and 1 was 
taken into account, it was calculated that ap- 
proximately 0.018 of the label given to the re- 
cipient had not been in the form of iodoalbumin. 
The urinary excretion curve of the recipient was 
accordingly corrected for this quantity of label 
excreted at the rate of the value of 53. Similar 
calculations for 11 tracer studies in Experiments 
I, I] and III indicated a mean maximum error 
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of overestimation of plasma specific activity of 
1.5 per cent from failure to fractionate plasma 


In these studies this correction was 
This computed 


samples. 
disregarded. noniodoalbumin 
label in plasma samples is similar to the values 
obtained by trichloroacetic acid precipitation (7). 

The plasma specific activity, cumulative reten- 
tion and cumulative urinary excretion curves for 
R. B., Experiment III, are shown in Figure 1. 
The exponential constants (a;) and the coeffi- 
cients (X,;) of the plasma curve were determined 
by standard methods of graphic analysis (3). 
The coefficients X,; were normalized by Equa- 
tion 3. As, was computed from Equation 71. 
dqs(t) 

dt 


of qs(t) and qs(t) was computed from Equation 6 


was obtained by graphical differentiation 


Finally, qo(t) + q3(t) was com- 
The the 


(see Figure 5). 


puted from Equation 7a. values of 


various constants were: 
An: 0.146 ay: 
Ay: 0.326 a2: 0.0301 
Ais: 0.528 a3: 0.00339 
N54! 0.0739 


0.180 


It was now desirable to resolve the curve of 
q2(t) + q3(t) into its exponential components so 
qo(t) + qs(t) 

The plot of 
experimental 


as to obtain an expression for 
having the form of Equation 70. 
qo(t) + qs3(t) obtained from the 
data is shown in Figure 6 as Curve A. In fitting 
exponential components to this curve the follow- 


ing conditions were preserved : 
a) (Aga + Asi) + (Av + Ase) 


(see Equation 26, 

b) that the exponential constants be the same 
as those of the plasma curve (see Equa- 
tion 2a-c). 


Rather than reiterate the various approaches 
used in fitting the curve, it is perhaps more in- 
structive to discuss Curve B, which represents 
the sum of the components finally accepted as 
best fitting the curve. Inspection of the figure 
shows that the fit of the a, 
(Ao3 + A33) = 0.431 is exact. Acceptance of the 
value of (Ao; + A33) fixes the sum of (Ao: + Ag1) 
t (Aso + Ay) from condition a Now 


component with 


above. 
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Curve A is readily calculable from the experimental data. 
components obtained by procedures described in the text. 


fit”’ 


inspection of Equations 87 and 9d shows that 
Ao: is uniquely determined from the measured or 
readily calculable quantities qi(t) and q2(t) + 
q3(t) and is therefore independent of the choice 
of model. It follows that Xo’ = An = O if a 
physically realizable model exists. Setting Equa- 
tion 87 = 0, and substituting known values for 
Ay; and a; and 0.431 for (Ao; + Ag33) in condition 


288 336 384 


HOURS 


RESOLUTION OF THE COMPONENTS OF THE CURVE qo(t) + q3(t) 


Curve B represents the sum of the “best 


a), and solving simultaneously one obtains: 


(Aro + A32) = 


(Ag + A31) = — 0.176. 
Curve B represents the sum of the fitted com- 
ponents for Aor = 0: (As + Asi) = —0.176 


(Age + A309) = —0.255, and (Ao3 + As33) = 0.431. 


TABLE I 


Solution of data of R. B., Experiment ITT. 


Fractional turnover rates for four compatible and physically 


realizable models and a compatible ‘‘generating"’ model * 


=n =0 
—0.38466 


= =0 daa 
=f = 
( oa 1.3038 


).27916 x 
).94621 y 


0.03788t 
0.1236 0.09495t 
0.01920 0.01920t 
Ot 0 
0.03230 0.02359F 
0.0005184 0.0005184t 
0.02749¢ 0.03788f 
0.1559 0.1559 
23 Ot 0 
As 0.01039F Ot 
Ase Ot 0.03734t 


4 0.01972 0.01973 


0.03788 


Model designation 


“Generating” 
a2 = dos = 0 model 
= —0.25862 x =1 
= 0.94704 y =0 
0.03788 0.03788 
0.09495 0.1236t — 0.009942 
0.01749F 0.01749 0.1180 

0 0 
0.02359 0.03230t — 0.008355 

OT 0 0.03059 
0.03788 0.02766 0.006816 
0.1551f 0.1559t 0.02139 
9.003052T 0.002228 0.005657 

0 0.01022 0.03107 
0.03652 0 0.03969 
0.02055¢ 0.01972 0.1542 


Py 
x 
y 


0.03788 


*\ values are presented to four figures to preserve the internal consistency of the model solutions and are not con- 


sidered to reflect experimental precision. 


t An upper or lower limiting value of the respective turnover rate for all physically realizable models. 
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To avoid a negative value of \o1, (Ae + Age) and 
(As: + Azi) may vary only as shown above. = _I[n- 
spection of Figure 6 shows that Curve B fits the 
experimental Curve A at the beginning and end 
of the curves but that the discrepancy occurs in a 
region where the contribution of the a; compo- 
nent to the curve is negligible. From the figure 
it is clear that if (Ass + Age) and (Ag: + Agi) are 
allowed to take on values consistent with a posi- 
tive value of oi as indicated above, the discrep- 
ancy between Curves A and B will increase. It 
was concluded that the component values of 
Curve B represented the best obtainable fit of the 
data that would avoid a negative value of Xo. 

These values of the coefficients of qo(t) + q(t) 


and the values previously given for Ajj, aj and 
Xs4, When substituted in Equations 8(a—7), yielded 
the solution of the generating model shown in 
Table I. 


model has two negative fractional turnover rates. 


It can be seen that this generating 


This does not matter since it is merely a mathe- 


matically compatible model. All other com- 
patible models are expressed in terms of the 
variables x and y and the turnover rates of the 


The 


values of x and y that yield physically realizable 


generating model [see Equations 9(a—/) ]. 


models will be determined later. 
Equations 9(a-/) indicate that if any turnover 
rate that is a function of x and y is set equal to 


zero, a constraint on x and y results. For ex- 








GE Physically realizable regions 


Fie. 7. 


A PLoT OF THE LINEAR RELATIONSHIPS BETWEEN X AND Y OBTAINED 


SETTING THE RESPECTIVE TURNOVER RATES TO ZERO 
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ample, if 


dis’ 
ha’ 


et 


1-—x 


and if 
Ao 


Substituting the values of the \j;’s of the gener- 
ating model into each of the possible constraints 
of x and y, one obtains the following: 

—0.219 


fora) Xo 


Ss ( 219 


hor + O, no constraint since Ag; Is con- 


stant for all models 


11.9 
— 3.39. 0.0421 
~ 3.66 
-11.9 
0.0421, 


— 3.66 


Each of these constraints results in a linear 
relation between x and y and is plotted as a 
straight line in Figure 7. It follows that if the 
plotted lines yield values of zero for the corre- 
sponding turnover rates, that on one side of the 
line the values will be positive and on the other 
side negative. The positive and negative sides 
can be determined by carefully checking each 
constraint. The arrows in Figure 7 indicate the 
direction where the positive values of the X's 
must lie. Examination of all the arrows shows 
that only in the shaded regions can all the turn- 
over rates be zero or positive. These regions 
therefore correspond to all the physically realiz- 
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able models. Any value of x and y in these 
regions substituted in Equations 9(a-/) yields 
a mathematically compatible and_ physically 
realizable solution. 

shows two shaded regions where 
The two 


Figure 7 
physically realizable models can lie. 
regions are actually symmetric with respect to 
each other, in that Compartments 2 and 3 are 
interchanged. ‘This results from the fact that 
the data give the sum of qo(t) + qs(t) and the 
solution does not distinguish between the two. 
the of shall 
neglect the region in the lower right side and 


For purposes this discussion we 


The position of 
the 


speak of the other one only. 


the generating model is also shown in 


plot. 
Figure 7 shows that only the following turn- 
dor) 


,, and only the following 


over (in addition to be zero: 


hoz, Aos, Agi and dz 
binations may be zero simultaneously : 


rates may 


com- 


Cc) X31 
d) A3e 


_ dos = 0 
= os = (). 


The values of x and y for each of these four 
mathematically compatible and physically realiz- 
able ‘‘simplest’’ models and the values of their 
turnover rates obtained from Equations 9(a-—/) 
are shown in Table I. They are termed ‘‘sim- 
plest’’ because they require the minimum number 
of interconnections. 

Complete knowledge of all the turnover rates 
in the system is not sufficient to determine the 
compartment sizes; the site of entry and the rate 
of synthesis of newly synthesized carrier must 
also be known. Assuming each of the three 
exchanging compartments in turn to be the sole 
site of entry of newly synthesized carrier into the 
system we can write, for entry into Compart- 
ment 1: 

o2’Ags’) — Dos’Age’ 


7 2 A3% 
S; = Ps 
A)}A9203 


. or Ags’ ae Asi’ Ags. ’ 
b) Ss) = — Ps 


A|Q2M%3 


12a) 


Nor’ Age” gi’ Ago’ 
c) Sl = 21 A321 Agi Ave 


AAAs 


where p,’ is the rate of entry of newly synthesized 


carrier into the system per unit time. For entry 
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into Compartment 2: 


, , ? ie Pe 
13a) S = Aro Rast Ata Ase ps’ 


A} Q0Q3 


b) Gy’ = Mut Aes — Aus’, 


@1Q203 
° wy) N11/Age" + Ar’ Asi’ , 
c) S,’ = ee py 


A)}Q203 
For entry into Compartment 3: 


(eee Aro’ Aas" + Yee! Aas’ , 


14a) Si Ps 


1 A203 


b) S,’ = Au Aaa’ + Dar’ Aas! me 


1203 

/ , 
: ~/ AuA2e’ — Aae'Aa’ 
Cc) 3 = — Ps - 


A QeQ3 
Now S, is independent of the model chosen : 


1 
= COnsStant > =. 
> Xii 


i 


15) Si = S/ 


Accordingly for any assumed or known site 
of entry, S;/ may be obtained from Equation 1/5 
and ps’, So’ and S;’ computed by appropriate 


rABLE 


Solution of data of R. B., Experiment ITI. 
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substitution in Equation /2, 13 or 14. Further- 
more, for entry into Compartment 1, the solution 
for all models in terms of x and y is: 


16a) S2 = xS,’ + yS,’ 


b) S3 = (1 = >) S,’ +- (1 = vy) A 


From Equation /6 it follows that S. + Ss; 
S,.’ + S,;’ = constant for all models with Com- 
partment 1 as the site of entry and S; + S. + S; 
= S,’ +S,’ + S;’ = constant for all such models. 
The values of S; and p, for the four simplest 
models are tabulated in Table II, assuming in 
turn each of the exchanging compartments to be 
the site of entry of newly synthesized albumin 
into the system. ‘The considerable dependence 
of ps and S; on the site of entry is apparent. 
The amount of carrier albumin that flows to 
any compartment 1 from any other compart- 
ment j may be computed from the relation 


17) pij = dij. 


Since all physically realizable models are ex- 
pressed as a region in the x — y plane, the range 
of variation of each turnover rate for all per- 
missible models can be obtained by investigating 


II 


The effect of the site of entry of newly synthesized carrier into the exchanging 


system on Sj, ps, and dor for four compatible, physically realizable models and a compatible ‘‘generating’’ model * 


Site of carrier 
entry 


103.09 
18.19 
$4.31 
72.50 

175.59 

0.6159 
0.003508 


Compartment 


w 
— 


Compartment 


Co “INO 

TH ww 
ne 
“100 — =) 


PT ee 


.7769 
004303 


o- 


103.09 
18.18 
86.39 

104.57 

207.66 

0.6328 
0.003047 


Compartment . 


Sit+5S2+5s 


Ps 
dott 


Model designation 


“Generating” 
model 


103.09 
25.06 
47.44 
72.50 

175.5 

0.6159 
0.003508 


103.09 
26.10 
46.40 
72.50 

175.59 1 

0.6159 
0.003508 


103.09 
19.06 


103.09 
41.14 
3.44 31.36 
50 72.50 
5.59 175.59 
0.6159 

0.003508 


5 
‘ 
‘ 


0.6159 
0.003508 


103.09 
29.75 
56.31 
86.06 

189.15 

0.7311 
0.003865 


103.09 
30.98 
55.08 53.44 
86.06 77.48 
189.15 180.57 
0.7311 0.7769 
0.003865 0.004302 


103.09 
24.04 


103.09 
71.29 
39.12 

110.40 

213.49 

0.6014 
0.002817 


103.09 
25.05 
79.52 

104.57 

207.66 

0.6328 
0.003047 


103.09 
26.73 
78.19 

104.92 

208.01 

0.6307 
0.003032 


103.09 
19.51 
85.40 

104.91 

208.00 

0.6307 
0.003032 


103.09 
42.55 
36.69 
79.24 

182.33 

0.7675 
0.004209 


* Solution values are presented to an arbitrary four or five figures to preserve the internal consistency of the model 
solutions and are not considered to reflect experimental precision. 


+t Compare values to a; = 0.00339. 
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their variation over the entire region. The maxi- 
mum and minimum values of each turnover rate 
for all physically realizable models are indicated 
in Table I. 

The specific activity of any compartment may 
be defined as the ratio of labeled to carrier albu- 
min and is a function of time, the compartment 
sizes and the turnover rates. It is frequently 
desirable to express the ratio between the spe- 
cific activities of two or more compartments for 


large values of time. This can be expressed as 


x AinS 
— = —~“~ for t> 0. 
Xj AjnSi 
In general S;/S; is dependent on the model and 
the rate of synthesis and site of entry of carrier. 
If it is assumed that newly synthesized carrier 
enters Compartment 1 only, then 
| A22A33 — AgzA32 | 


X2 
1a) — 


Xi ies << a3) (A33 —=i5)) <= Ao3A32 _ 


x Rai (Ass — a3) ft | 
Aoidgs + Asides 
for t> 0. 


Similarly, 


, Az2As3 _ A2sAs2 


| Oss — a3) (X33 —a,) — 
x| 


It can be shown that the first bracketted term 
on the right hand side of these equations is inde- 
pendent of the model chosen. The second term, 
however, does depend on the model chosen. For 
the special case of a parallel model (A23 = Azz = 0) 


18b) 


NesAze 
RarAae + Aai(Aez — ats) 

NoiA32 + AsziA22 
for t> 0. 


these equations reduce to 


18c) = for t > 0 
— i 


33 
X1 A33 — @ 


X3 


d) -fort> 0. 
3 


In this connection, the data of C. C. shown in 
Figure 5 of Reference (2) are of considerable 
interest. Shortly after the beginning of treat- 
ment with L-triiodothyronine there is an apparent 
rise in plasma specific activity which would re- 
quire entry into the plasma of labeled material 
from a compartment having a specific activity 
greater than that of plasma. 
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From Figure 7 it is apparent that the parallel 
model (A23 = A32 = 0) is a physically realizable 
model but that the series model is excluded (the 
intersection of the lines As’ = 0 and Ay;’ = 0 is 
outside the shaded area). From Tables I and 
II it can be seen from the solutions of the four 
simplest limiting models that in general the ex- 
change of albumin (grams per hour) across the 
boundary between Compartments 2 and 3 is 
smaller than that across the boundaries between 
Compartments 1 and 3 or 1 and 2. These facts 
and. certain physiological considerations lead us 
to favor the parallel model as the one most closely 
resembling the biological system. Further appli- 
cation of the parallel model solution will be con- 
sidered elsewhere (2). Once a model has been 
chosen, it is of considerable interest to construct 
curves of radioactivity and specific activity as a 
function of time for each of the compartments as 
this serves to clarify certain implications of the 
solution. For the parallel model with the ancil- 
lary Compartments 4, 5 and 6 having the con- 
figuration shown in Figure 3, the theoretical 
equations for radioactivity as a function of time 
in Compartments 1, 2, 3 and 5 are given above 
(Equations 2 and 10). The corresponding equa- 
tions for Compartments 4 and 6 are: 


Age @* + Aare 
+ Aaze %* + Aste 


19a) qa(t) = 


where 


: Agi = 0 


= Aggie ™* oa A6bee agt 
+ Agze*t + Aba 


b) qe(t) 
where 


> Agi = 0. 


The following additional relationships, together 
with the solution given in Table I, may be used 
to compute the coefficients Aj; for all nonsampled 
compartments and for experimental compart- 
ment curves not completely resolved into expo- 
nential components. 


a1 
20a) As = ——_ J 
’ hoe — Qi 
b) 
c) 
da) 
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Audar + Aaidae + Asirdas | By substitution of the coefficients Aj; in Equa- 
ea — Qi tions 2, 10 and 19, radioactivity-time curves, and, 

, with appropriate normalization, specific activity- 

Au = — = Aw time curves for all compartments may be con- 
i=l structed. These plots for the tracer study under 





discussion are shown in Figure 8. Compart- 
ment 1 is assumed to be the site of entry of newly 

\ Q Asa synthesized carrier. The inequality of specific 
i= (Aa + Asi) Aw’ activities in the exchanging compartments for 


Agidss 
eS Asa = Aus 
Qi 


R.B., Study of 5/21/'54, Experiment IZ 
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Fic. 8. GRAPHICAL REPRESENTATION OF THE OPEN PARALLEL SOLUTION 


Ce 


‘“‘q”’ curves are plotted with reference to the left ordinate, ‘‘x’’ curves with 
reference to the right ordinate. The curve labeled qs’(t) is the experimental 
urinary excretion curve. The curve labeled qs(t) represents the theoretical 
excretion curve for the model \z3 = A3z2 = 0 with Compartment 1 assumed to 
be the site of carrier entry. The solution parameters for this model appear in 
Tables I and II. The points on curve x;(t) are experimental. The curve as 
drawn is that reconstructed from the component values of qi(t) given in the 
text with appropriate normalization. 
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large values of time is apparent. The degree to 
which the plotted experimental and theoretical 
excretion curves coincide is a measure of the 
closeness of fit of the experimental data to this 
model. 
DISCUSSION 

The analysis presented in this paper hinges 
predominantly on a system of three exchanging 
compartments. The additional compartments 
introduced (Compartments 4, 5 and 6) must be 
considered for quantitation, of tracer within the 
exchanging system but do not the 
choice of the number of exchanging compart- 
The latter is determined from the analy- 


influence 


ments. 
sis of the plasma data alone. 

Two independent sets of quantities may be 
distinguished in the general solution presented. 
One set consists of the fractional turnover rates 
of the compartments and these are determined 
from the tracer data alone. The second set con- 
sists of the amounts of carrier in each compart- 
ment and the rate of synthesis of carrier and its 
site of entry into the system. Specific activities 


are functions of both the tracer and carrier 


quantities. 

Certain features of the solution presented 
(applicable to any three-compartment system 
for which data on Compartment 1 and the sum 
of Compartments 2 and 3 are available) are 
worth mentioning. The number of models which 


are mathematically compatible with the data and 


physically realizable is theoretically infinite, be- 


cause any value of x and y in the shaded region 
of Figure 7 yields such a model. Despite this, 
a great deal can be said about the system. First, 
if one wishes to limit the solution to models that 
have the smallest number of interconnections, it 
is clear from Figure 7 that only four such models 
The 
figure also indicates which models are not physi- 
the 


exist, the parallel model being one of these. 


cally realizable. As noted above, series 
model is excluded. 

From Figure 7 it can be seen that (in addition 
to Xo) at 


(Ao3, Agi, AXo3 aNd Aye) May assume a value of zero, 


most four fractional turnover rates 


and that at most two of these may be zero in any 
single realizable model. Despite the infinity of 
realizable models, the values of the individual 


turnover rates may either be unique or vary over 


RALL 


a limited range. Thus Aq, Aor, Aer + Agi and 
Ao2 + A33 are constant for all models. do, Az; 
and Xo3 vary over very small ranges, whereas 
others show greater variation. Of particular 
interest is the fact that Ao2 is greater than zero 
in all realizable models and is consistently much 
larger than Xo3. This suggests that the rapidly 
exchanging extravascular compartment is the 
principal site of iodoalbumin degradation, a con- 
clusion which is independent of the choice of 
model. 

The values for the compartment sizes and rate 
of synthesis depend in part on the assumption of 
the site of entry of newly synthesized carrier. 
Assuming Compartment 1 to be the site of entry 
the solution for S; and for S, + S; and conse- 
quently for S; + S. +S; is the same for all 
mathematically compatible models. Under the 
same conditions it is evident from Table II that ps 
is constant for all compatible models. For each 
different assumption concerning the site of entry, 
however, the values of S. + S;, S; + S2 + S;, 
and of ps may be quite different. This is shown 
in Table II where solution values are given for 
three different sites of entry. 

It is noteworthy that all the tracer data col- 
lected have been completely utilized in the solu- 
tion presented. It is impossible therefore to 
reduce the uncertainty in the solution any fur- 
ther, regardless of the mathematical approach 
used, unless additional assumptions are made or 
new independent data be obtained. 

In certain situations it may not be practical 
to apply routinely to tracer data a mathematical 
solution as general as the one presented here. 
One of the principal values of such a general 
approach, however, is that it formulates relation- 
ships inherent in the arbitrary assumption of 
model configurations which are sometimes not 
readily apparent. In addition it provides a way 
to evaluate the error in approximation methods 
and thereby serves to aid in the delineation of 
the conditions under which they are, or are not, 
acceptable. 

In this connection it is of some interest to 
compare the values of certain parameters of the 
system obtained by the solution presented with 
the values obtained by approximation methods 
commonly employed. The ‘intercept’? method 
is frequently used to compute total exchange- 
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able carrier, Sy, from the equation: 


21a) Sr = $:/Ai or the equivalent expression 
b) Sr = 1/X1aa, 


where S, is the size of the sampled compartment 
and Ai, and Xj, are the ordinate intercepts of 
the final exponential components of the radio- 
activity or specific activity, respectively, of the 
sampled compartment. Here Xj, is assumed to 
represent what the specific activity of the system 
as a whole would be at zero time if all the admin- 
istered label were instantaneously and uniformly 
distributed throughout the system. “Two sources 
of error are evident. /) x; for t>> 0 does not 
represent the mean specific activity of the system 
as a whole (see Equation /8). For the parallel 
model with entry of new carrier into Compart- 
Xa 


: es 
ment 1, for t > 0, the value of — was 1.02, 
X1 Xj 


Gi 43 ds = 
in ! x; was 1.07. In 
S31 + 52+ 98s 

general, the underestimation of the mean ‘‘equ'- 


was 1.21, and 


librium” specific activity of the system as a 
whole, if it be equated to that of the initially 
labeled compartment, leads to an overestimation 
of St by Equation 2/7. Other things being equal, 
the magnitude of the error is dependent on 
the relative magnitude of a; compared to do» 
and X33. 


the fractional rate of change of specific activity 


2) The intercept method assumes that 
or radioactivity of the sampled compartment 
due to excretion of label from the system is 
constant throughout the experiment, and that 
d{qi(t)+qo(t)+qs(t)] /- 
La  / [aqi(t)+qe(t)+qs(t) ]= 
dt / 
a, =constant, where n refers to the final compo- 
This in turn 
Where in- 


equalities of the rates of excretion from various 


nent of the sampled compartment. 
assumes that oz = Aos = Aor = Aor. 


compartments occur, this may lead to a greater 
or smaller fractional rate of excretion of total 
label in the early, as compared to the late, phases 
of the experiment, which will be reflected in 
smaller, or larger values, respectively, of Ai, and 
». Ore 


excretion of total label in the early phase of the 


In general, where the fractional rate of 


experiment exceeds that in the late phase, the 
effect is reflected in a smaller value of Xj,, which 
increases the estimation of Sr by Equation 2/. 
The converse also applies. 


For the tracer data presented here, Equation 
21 gave a value for Sr of 195.3 Gm. as compared 
to 175.6 Gm. by three-compartment solution 
assuming new carrier entry into Compartment 1. 
Experimental verification of some of the above 
considerations is found in the data of Gitlin, 
Janeway and Farr (14) who, in labeled iodo- 
protein studies in nephrosis, encountered meas- 
ured values of edema fluid specific activity many 
times that of the plasma specific activity for 
large values of time and unreasonably large 
values of Sr by the intercept method. 

When total label in the exchanging system 
(qr) can be computed from excretion data (with 
appropriate correction for ancillary compart- 
ments such as Compartments 4 and 6) Sr is 
sometimes estimated by the “‘dilution’”’ equation: 


of beh for t > 0. 
X1 

The error in this method depends on the degree 
to which x; differs from the mean specific activ- 
ity of the system as a whole as discussed above. 

In biological tracer work, the parameters of 
the systems studied which commonly receive 
greatest attention are S7, psand Apr. Ina three- 
compartment open system, 


+ S303 


hor = 


These three quantities are interrelated in the 


steady state: 


23) Ps SrAor. 


The sources and magnitudes of the errors in- 


volved in estimating Sr by “intercept” and 


‘dilution’? methods have been discussed above. 
The commonly employed “‘slope’’ method equates 
Nor to a, Where n, as before, refers to the final 
exponential component of the sampled compart 
ment and takes on a value of 3 for a system of 
three exchanging compartments. Examination 
of Table II where values of \or are given for the 
four limiting models and the generating model 
shows that a; may underestimate or overestimate 
Aor depending on the choice of model configura- 
tion and site of new carrier entry. For assumed 
entry into Compartment 1, Aor is constant and 
greater than a3. 


The turnover rates of body proteins are of 
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considerable theoretical importance. The diffi- 
culties encountered in attempts to measure a 
plasma protein turnover rate have been discussed 
at length by Luck (15) and will not be reiterated 
here. A faster turnover rate for serum proteins 
determined by I'*! labeling as compared to bio- 
synthetic labels with C'4 or S*® has been reported 
by several workers (16,17). By jet iodination, 
however, McFarlane (18) has reported an ['# 
labeled albumin which appears to behave in an 
identical fashion to albumin biosynthetically 


labeled with C'4. Furthermore, Berson, Yalow, 


Schreiber and Post (7) have described multiple 
components apparently metabolized at different 


rates in the same preparation of iodoalbumin. 
Yalow and Berson have also reported evidence 
that I'*! albumin of high specific activity may be 
damaged by self-irradiation to such an extent 
that its apparent rate of degradation is accel- 
erated (19). Furthermore, it is apparently not 
clear, where discrepancies between the turnover 
rates determined by the different types of labels 
have been encountered, to what extent the dis- 
crepancy is attributable to reutilization of the 
C4 or S® label. We are aware of the question- 
able validity of iodoalbumin as a label for en- 
Further discussion of this 
It must be empha- 


dogenous albumin. 
subject is not pertinent here. 
sized that the derived rates of transport, degra- 
dation and ‘‘sequestration”’ are valid only insofar 
as the biological behavior of the iodoalbumin 
employed reflects the biological behavior of en- 
dogenous albumin, and this question would 
appear to be unsettled. 

It is clear that little could be said about the 
distribution effect on observed degradation if a 
nonhomogeneous labeled material were used. 
The approach employed here of using the donor 
as a “biological filter’’ to screen out more rapidly 
degraded components would appear to be the 
method of choice at present to obtain material 
biologically homogeneous. ‘The general inappli- 
cability of this approach is obvious, however. 

The use of a general kinetic formulation has 
brought to light in a formal way several aspects 
of iodoalbumin metabolism. which apparently 
have not previously appeared in the literature: 
the quantitation of transcapillary transport rates 
of an open system, the probability of a very 
slowly exchanging or nonexchanging body com- 
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partment, the favoring of the rapidly exchanging 
extravascular compartment as the principal site 
of iodoalbumin degradation, and kinetic evidence 
suggesting the physically realizable three-com- 
partment series model to be incompatible with 
the experimental data. 

Little can be said regarding the significance of 
the postulated Compartment 6. There is ex- 
perimental evidence that many of the plasma 
proteins do exist intracellularly in a variety of 
tissues where they maintain their identity at 
least to the extent of reacting with specific anti- 
body (20). To our knowledge it has not been 
demonstrated that these intracellular proteins 
exchange with circulating plasma proteins. In 
addition it is known that antigens after injection 
may enter tissue cells where they may remain, 
apparently unchanged, for long periods of time. 
Since heavily iodinated albumin differs anti- 
genically from native albumin (21) it is possible 
that the labeled protein entering Compartment 6 
represents a heavily iodinated component in the 
injected material which is being treated by the 
body as an antigen. 

The model employed here undoubtedly repre- 
sents an over-simplification of the biological sys- 
tem. Compartments 2 and 3 probably each 
represent a composite of tissues having mean 
turnover rates of the approximate magnitude 
computed in the analysis. Although the actual 
biological system could undoubtedly be better 
represented by a more complex model, it is evi- 
dent from the data that the system cannot be 
adequately described by a model of lesser com- 
plexity. 

SUMMARY 

Tracer experiments employing I'*! labeled iodo- 
albumin in myxedematous and euthyroid patients 
indicated a kinetic system containing at least 
three exchanging compartments and three ancil- 
lary compartments (including urinary excretion). 
Additional studies indicated that the principal 
excretion forms were urinary iodide and diiodo- 
tyrosine. To insure a biologically homogeneous 
labeled material, one patient was studied in 
whom the administered labeled albumin was ob- 
tained from a donor patient after an eight-day 
period. 

The analysis of the data from the latter tracer 
study is presented in some detail. The general 
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solution of a three-compartment open system is 
given as well as modifications necessary for the 
solution of a six-compartment open system of 
the type encountered in the tracer studies. A 
mapping procedure preserving the invariants of 
the data was carried out and its value in de- 
lineating mathematically compatible and physi- 
cally realizable models as well as the limits of 
computed turnover rates for nonunique solutions 
is illustrated. The numerical effect of variation 
of the site of entry of newly synthesized carrier 
into the system on various parameters of the 
solution is demonstrated. 

The solution is further developed in such a 
way as to permit quantitation of inequalities of 
final specific activities in the compartments of 
an open system. Equations for the determina- 
tion of errors in ‘‘intercept,’’ “dilution” and 
‘‘slope’”’ methods are presented. 

Computed values for asymptotic urinary ex- 
cretion of label suggested the presence of a body 
compartment having a very slow turnover rate. 
The parallel model was shown to be one of an 
infinite number of mathematically compatible 
and physically realizable models, while the series 
model was excluded. The analysis suggested 
that Compartment 2, the rapidly exchanging 
extravascular compartment, is the principal site 
of iodoalbumin degradation, irrespective of the 
model chosen. 
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The profound effects of thyroid hormone on a 
variety of metabolic systems have been weil doc- 


umented. In this report evidence that thyroid 


hormone alters the distribution kinetics and deg- 
radation of iodoalbumin in man is presented. 
rhe results of these studies have been previously 
presented in a preliminary report, prior to refine- 
ment of the mathematical analysis employed (1). 


METHODS 


General. The I'* labeled human serum albumin used 
in these studies was the commercial preparation of Abbott 
Laboratories obtained between May, 1953, and May, 1954 
Prior to use, the material was suspended in redissolved 
lyophilized plasma and then dialyzed with a cellulose mem- 
brane to equilibrium three times against 40 times its volume 
of a 1:25 dilution of plasma in saline. Without added 
carrier protein, considerable loss ol label on glassware 
ensued and the preparation was unstable on prolonged 
the dialysate indi- 


2.4 per cent 


dialysis. Quantitation of activity in 


cated the presence in the preparation of 0.3 to 2 
dialyzable I'* prior to dialysis. 

Ihe dialyzed iodoalbumin solution was injected into the 
rubber tubing of a previously inserted intravenous Murphy 
drip of normal saline in approximately 20 seconds from a 
10 ml. syringe gravimetrically calibrated to deliver with 
an error not exceeding 0.1 per cent. The injection was 
immediately followed by a 30 second rinse from the Murphy 
drip. The intravenous tubing was then clamped, the 
needle removed, and both thoroughly rinsed into a volu- 
metric flask. 
remained in the tubing in all experiments 


Less than 0.1 per cent of the syringe dose 


Heparinized venous blood samples were taken at ap- 
proximately the following times after injection: 10, 20 
1, 2, 4, 6, 8, 12, 18 and 24 hours. In the 
I, after 24 hours, blood 


~¥ 
and 40 minutes; 
of 
samples were taken every other day. 
In 


earlier studies Experiment 
In subsequent 
studies, samples were taken daily. Experiment | 
samples were collected for 14 days; in Experiment II, for 


36 days 


* This research was supported in part by the Atomic 
Energy Commission. 

t Present address: National Institute of Arthritis and 
Metabolic National Health, Be- 
thesda, Md. 
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The heparinized plasma was separated promptly by cen- 
trifugation and 1 ml. or 3 ml. samples counted in 4 ml. 
vials in series with a standard of the same volume con- 
sisting of a suitable dilution of the injection suspension in 
plasma. Volumetric glassware was of precision grade. 
The counter used was a thallium activated sodium iodide 
scintillation crystal of the well type. Appropriate correc- 
tions were made for coincidence loss. Radioactivity was 
expressed as fraction of the injected dose. 

Yotal urine collections were made at 24 hour intervals 
throughout the studies in Experiments | and II, in glass 
jars containing a few pellets of sodium hydroxide, 5 ml. of 
toluene, and 4 Gm. of sodium iodide. Counting of aliquots 
and expression of radioactivity were the same as for plasma. 
At varying intervals, plasma samples were taken for deter- 
mination of albumin by sodium sulfate fractionation (2) 
and gasometric determination of albumin nitrogen after 
Kjeldahl digestion (3). 

Records were kept of the total volumes of blood with- 
drawn for any reason during the experiments and hemato- 
crits were determined not less frequently than once a week. 
It was thus possible to compute the fraction of the injected 
dose removed in blood sampling. In Experiments I and 
Il this amounted to less than 0.01 of the dose and was 
disregarded in subsequent calculations 

Selection of patients and description of experiments. Two 
experiments carried out on six patients comprise the basis 
of this report. Some aspects of these experiments have 
been discussed in another report (4). 

All the patients were under observation for treatment of 
histologically proven thyroid carcinoma. All had previ- 
| radiation-destruc- 


ously had either surgical removal or I} 
tion of their thyroids or both as part of their therapeutic 
regimen. The myxedematous state was induced by pro- 
longed deprivation of thyroid hormone with or without 
addition of antithyroid drugs in an attempt to induce 
therapeutically significant uptake of I'*! ir known or sus- 
pected cancerous deposits. 

Experiment I. The pertinent clinical data on the four 
patients (R.B., J.G., F. D. and O.H.) studied in this 
experiment, in both the euthyroid and myxedematous state, 
are summarized in Table I. Two patients (R. B. and 
J. G.) displayed no evidence of local recurrence or distant 
metastases. The pulmonary metastases of F. D. were not 
extensive roentgenologically and had been stationary on 
serial chest films for four years. O.H. had laryngoscopi- 


cally demonstrable residual tumor in the larynx and 


subglottic area necessitating a permanent tracheostomy. 





Age (years), sex 


. : a 
Thyroid carcinoma 
type 


EFFECT OF T 


HYROID 


HORMONE 


ON 


TABLE I 


IODOALBU MIN 


METABOLISM 


General clinical status of patients studied in Experiments I and II 


Mixed-follicular, 
alveolar and 
papillary 


J.G. 
22, F 


Mixed-papillary, 


follicular, 
alveolar and 


F.D. 
18, F 


Mixed-papillary 


and alveolar 


O. H. 


74,M 


Solid 


Ces E. L. 
59,M 60, F 


Alveolar and 
follicular 


Follicular 


solid 


Apparent clinical 
extent of carcinoma: 
Local recurrence 
or metastases 


None None 


Distant None None 


metastases 


Surgical left 
thyroid lobec 
tomy and 
partial right 
lobectomy 
followed by 
78 me. [3 


Method of 
thyroid ablation 


Surgical total 
thyroidectomy 
followed by 
100 me, [3 


Hypopara None 
thyroidism. 
Mental 


retardation 


Additional 


disease 


At the time of the first iodoalbumin study, all four pa- 
tients had gross clinical evidences of myxedema. Through- 
out the study all were fully ambulatory and in good 
general physical condition, except for the manifestations 
of myxedema. 

In three of the patients (R. B., J. G. and F. D.), addition 
of antithyroid drugs was not necessary for the induction 
of myxedema. This alone is fairly good presumptive evi- 
dence of the virtual absence of functioning thyroidal tissue. 
In Patient O. H. it was necessary to add an antithyroid 
drug (thiouracil) to induce myxedema. This patient, the 
only one of the four, received therapeutic I'*' between the 
first and second iodoalbumin tracer studies 

When the presence of myxedema had been established 
on clinical and laboratory grounds, the first iodoalbumin 
study was carried out. Later, following return to an 
apparently euthyroid state and at a time when the body 
weight was steady, the second tracer study was performed. 
Data relevant to the metabolic status of the four patients 
at the time of the studies is given in Table I] 

rhe rate of urinary excretion of I*! reflects the rate of 
degradation of iodoalbumin only in the absence of signifi- 
cant nonrenal loss of I'8', and in the absence of entry of the 
liberated [!*! into thyroidal iodine metabolism with conse- 
quent delay in excretion. For this reason it is desirable 
to block the uptake of iodide by the thyroidal system 
Patients R. B. and 


Tapazole® and thiouracil, respectively, 


during an iodoprotein tracer study. 
OL H. 
during both studies. 


A Nal'*! tracer performed shortly after the 
RK 


received 
J. G. received Tapazole® during the 
first study. 
first albumin study and after withdrawal of Tapazole 
showed excretion in the urine of 100 per cent of the label 


in four days. Accordingly no blocking agent was consid- 


Bilateral, 
basilar pul- 
monary lesions 


Surgical right 
thyroid lobec 
tomy followed 
by 75 me. P's! 


Extensive 
cervical lymph 
node involve 
ment 


Invasion of 
trachea and 
larynx 


Extensive 
sternal and 
pulmonary 


lesions 


Small osteo 
lytic metastasis, 
right clavicle 


None 


Surgical right 75 me. ['3 
thyroid lobec 
tomy followed 
by 67 me. [8 


Arteriosclerot 
heart disease 
functional 
capacity 


Generalized Quiescent duo 

arterio 

sclerosis. 

Prostatic 

hypertrophy 
functional 
capacity 
Class I 


ered necessary during the second study and none was given 
Patient F. D., by oversight, received no blocking agent 
Nal 


showed a urinary 


during the first study. However, a tracer per 
formed six weeks after the first study 
excretion of label of 0.96 per cent of the dose in four days 
Two weeks prior to the second albumin study, this patient 
underwent cholecystography, a procedure known to inhibit 
thyroidal iodide uptake for several months. Hence, during 
both studies, all four patients were either receiving thyroid 
blocking agents or demonstrated their inability to retain 
] 131 presented as iodide ion in amounts exceeding 0.04 of 
the dose. 

In Experiment I the probable error of counting of the 
least active plasma or urine samples was less than 1.1 per 
cent. The amount of tracer employed ranged from 80 to 
125 pe 

Experiment II. This 


study the effects of thyroid hormone on 


experiment was performed t 
the behavior ot 
the same batch of iodoalbumin in the same patient under 
different metabolic conditions. Three patients (R. B., 
C. ©. and E13) 


The pertinent clinical backgrouiid data are given in Table |. 


were studied for a period of 36 days 
All three patients received the same preparation of iodo- 
albumin in a dosage of 660 ya In the cases of R. B. and 


C.C., the metabolic 


; status was changed on the tifteenth 


day by withdrawal and addition, respectively, of thyroid 
hormone, dividing the study into Part 1 (Days 0 to 15) 
and Part 2 (Days 16 to 36) 


were collected and assayed as described above 


Urine and plasma samples 
R. B. had been deprived of thyroid hormone for one 
month prior to the experiment and was showing distinct 
clinical evidence of hypothyroidism. For a four day period 
beginning three days prior to injection of labeled albumin, 
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she was rapidly converted to a slightly hyperthyroid state 
by administration of L-triiodothyronine in a daily dose of 
For the remainder of Part 1 of the experiment, 
the mean daily dose was 348 wg. On Day 15 the hormone 
Within a week after its withdrawal, 
rather definite clinical evidence of hypothyroidism ap- 


525 ug. 


was withdrawn. 


peared. Data relevant to her changing metabolic status 
are shown in the lower part of Figure 4. An electro- 
cardiogram four days prior to injection of labeled albumin 
showed low voltage QRS complexes and low to flat T waves, 
By Day 2, the tracing 
On Day 28 low 
voltage QRS complexes and flat T waves had reappeared. 


characteristic of hypothyroidism. 
was normal except for sinus tachycardia. 


In summary, the clinical picture and laboratory findings 
were all consistent with mild hyperthyroidism in Part 1, 
and rapid development of hypothyroidism in Part 2. 
Throughout the experiment R. B. received Tapazole®, 
40 mg. daily, and saturated solution of potassium iodide, 
15 minims daily. After completion of the iodoalbumin 
study, a Nal'* tracer with the patient on the same medi- 
cation showed a urinary excretion of 0.955 of the label in 


six days. 


TABLE 


E, RALL, AND MONES BERMAN 

Patient C.C. had received no thyroid medication for 
eight months and had been myxedematous for several 
months before the experiment. Part 1 of the study was 
carried out in the myxedematous state. On Day 15, he 
After 
five days the dosage was reduced so that the mean daily 
dose for Part 2 was 111 ug. daily. During the last eight 
days of the experiment desiccated thyroid, 90 mg. daily, 
was also given along with appropriate reduction of triiodo- 


was started on L-triiodothyronine, 210 ug. daily. 


thyronine so as to maintain a clinically euthyroid state. 
Data relative to the patient's changing metabolic status 
are shown in Figure 5. In addition, the average of 10 de- 
terminations of the basal metabolic rate (BMR) in Part 1 
was —36 per cent; in Part 2, —9 per cent. 

Thiouracil, started on Day 1 of the experiment, was 
discontinued on Day 3 because of drug rash. However, 
a Nal"! tracer given just prior to the albumin study showed 
a urinary excretion of label of 0.945 in three days. 

Patient E. L. served as a control and apparently re- 
mained in a steady metabolic state throughout the 36 days 
of the study. 
peutic doses of I'*! in the previous few years, she was 


Though having received several large thera- 


II 


Data relevant to metabolic status of patients studied in Experiment I 


Patient 


Period of thyroid 
hormone deficiency 
prior to first study 
(months) 


* 


* 


Body weight (1) 
2 


(Ke (?) 
Serum choles- (1) 
terol (mg. %%) (2) 
Protein bound = (1) 
iodine (ug. %) (2) 
) —45 
—12 


Basal metabolic | 


1 
rate (%) (2) 


240 mg. daily 
30 days 


Desiccated thyroid 
dosage and duration 
prior tosecond study 


(1) 


(2) 


Tapazole® 40 mg. daily 
Tapazole® 40 mg. daily 


Thyroid block- 
ing agent 


4 day I'*' ijodidet 
excretion (fraction 
of dose) 


Mean serum 
albumin 


(Gm. ©%) 


Mean serum 
globulin 


(Gm. %) 


—41 
—20 


120 mg. daily 


23 days 


Tapazole® 40 mg. daily 
None 


F. D. 





tN) 


71.8 
69.6 


67.6 
62.0 


390 
140 


499 
313 


a 0.8 
4. Be 

— 36 
Unsatisfactory 


~44 
=m 


120 mg. daily 
90 days 


120 mg. daily 
30 days 


Thiouracil 1.5 Gm. daily 
Phiouracil 1.5 Gm. daily 


None 
Cholecystography 


1.00 


* (1) refers to indices measured in the myxedematous state at the time of the first tracer study, (2) to measurements 


made at the time of the second study in the euthyroid state. 


t These Nal" tracers were performed in the absence of thyroid hormone or thyroid blocking agents. 
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1'3!.[ODOALBUMIN TRACER STUDIES 


Open points indicate myxedema study; shaded points, euthyroid study 


known to have residual functioning thyroid cancer in the 
neck, lungs and sternum. Despite the fact that she had 
never received exogenous thyroid hormone, she had never 
developed myxedema but had shown mild hypothyroidism 
for the previous few years. Presumably, her tumor was 
producing significant but less than normal amounts of 
thyroid hormone. Neither antithyroid drugs nor iodide 
was given during the study because of the possibility of 
altering her metabolic status or interfering with contem- 
plated I’ therapy. During the study she appeared to be 
in a mildly hypothyroid steady state. Her weight varied 
from 70.4 to 71.3 Kg., her serum cholesterol from 171 to 
215 mg. per cent, and her average BMR was —5 per cent. 
A Nal"! tracer performed shortly after completion of the 
iodoalbumin study showed only 0.60 urinary excretion of 
label in four days. Hence, little significance could be 
attached to her urinary excretion data from the iodoalbu- 
min study. 

In Experiment II the probable error of counting for the 
least active plasma and urine samples did not exceed 1.4 
and 3.8 per cent, respectively. 

In addition to the iodoalbumin studies, all patients were 
subjected to ancillary NalI'*! tracer studies in either the 


euthyroid or myxedematous state, and the rate constant 
of renal iodide excretion, Kie, was computed by the ap- 
proach described by Keating, Power, Berkson and Haines 
(5). In those instances in which Kie was determined in 
only one metabolic state, Kie for the other was computed 
from the relationship obtained from the data of Keating, 
Haines, Power and Williams: 
Kie (myxedema) 


— —~ ~ 0.76 (6) 
Kie (euthyroid) 


RESULTS AND ANALYSIS OF DATA 


The notation and terminology employed in the 
discussion to follow are the same as that defined 
elsewhere (4). 

The plasma and urinary excretion data of 
Patient O. H., typical of the studies of Experi- 
ment I, are shown in Figure 1. It is noteworthy 
that in myxedema the values of Xj; and a; are 


considerably smaller than the respective values 
in the euthyroid state, and that urinary excretion 
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of label is appreciably faster in euthyroidism. 
(The first five points of the myxedema plasma 
curve have been shifted slightly to the left by 
the artist to avoid overlapping the euthyroid 
plasma curve.) 

The plasma and urine data of Experiment | 
and that of Patients C. C. and R. B., Experiment 
II, Part 1, were subjected to graphic analysis 
as described elsewhere (4). The data of E. L., 
Experiment II, were not subjected to compart- 
mental analysis because of the presence of un- 
blocked, functioning metastases which presum- 
ably vitiated her excretion data. As before, the 
values of a; and X13 were obtained by the method 
of least squares. The constants obtained from 
the experimental data are shown in Table III. 
Due to the fact that urine collections were not 
made more frequently than every 24 hours, 
graphical differentiation of the early part of the 
excretion curves could not be carried out and 
neither could the exponential components of the 
early portions of the excretion curves be resolved. 
Only the As; and A;3; components from the ter- 
minal portions of the curves could be reliably 
determined from the data. 

The formulation of an open system of three 
exchanging compartments and three nonexchang- 
ing compartments and its mathematical solution 
have been described previously. When the most 
reliable and complete set of iodoalbumin tracer 
data at our disposal (R. B., Experiment IIT) 
were subjected to this analysis, the best obtain- 
able fit of the data occurred with Ao: = 0. The 
data of R. B., Experiment III, were shown to 
contain seven of the nine experimentally meas- 
ured constants required for a complete solution 
of the general system of three exchanging com- 
partments. The solution was therefore not 
unique. Four ‘‘simplest’’ models were shown to 
exist that are compatible with the data, physi- 
cally realizable, and equally probable to be the 
“right model’’ on the basis of the tracer data 
only (4). One of these, the parallel model, was 
considered most likely on the basis of physio- 
logical considerations and is the model arbitrarily 
chosen for this presentation. 

It should be noted that the data shown in 
Table III (excepting R.B., Experiment ITI) 
contain as such only five of the nine independent 
constants of a general system of three exchanging 
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compartments: three e’s and two A’s from q:(t). 
The additional measured values of As5, A;3; and 
\s4 permit evaluation of a sixth independent con- 
stant (As; + A33) from the relation 


Ass 
Ass _ 


A 5303 


(Acs A33) = — Ats - 
23 F Aaa) at AssA54 


This equation follows from the general relation, 
Aji = 0, for the multicompartment system 
J 


previously described and is independent of the 
configuration of the three exchanging compart- 
ments. The solutions for the tracer studies re- 
ported here follow the same procedures as out- 
lined in our previous paper (4) with the three 
=o = 0. Newly 
synthesized carrier is assumed to enter Compart- 


constraints that dow; = Ase 


ment 1. 
ment 6 are the same as those previously given. 
The model is shown in Figure 2. 

The results of the solution are given in Table 
IV. In the extreme right column is given, for 
several of the solution the mean 
ratio of their value in myxedema to their value 
Patient C. C. 
The results 


The assumptions regarding Compart- 


parameters, 


in the euthyroid state. was not 


studied in a euthyroid steady state. 
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Fic. 2. DIAGRAMMATIC REPRESENTATION OF MODEL USED 
FOR ANALYSIS OF DATA OF EXPERIMENTS I AND II 


The model consists of three exchanging compartments 
(1, 2 and 3) and three nonexchanging compartments (4, 5 
and 6). 
ment. 
and slowly exchanging extravascular compartments. 


Compartment 1 is plasma, the sampled compart- 
Compartments 2 and 3 are, respectively, rapidly 
Com- 
partment 4 represents nonexcreted degradation products. 
Compartment 6 is a 


Compartment 5 is collected urine. 
body compartment treated analytically as a nonexchanging 
Newly synthesized carrier is assumed to 
enter Compartment 1 at the rate ps. The model shown 
23 = (). 


compartment. 


assumes (Agi + Agi) = Aoi = Ase = 
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of the myxedema study (Experiment II, Part 1) 
are included because this patient showed the 
highest value of Sy and the lowest value of A4r 
encountered in the studies. The results of the 
study on R. B., Experiment III, published else- 
where (4), are included here to show the stepwise 
change seen in the solution parameters under the 
conditions of varied metabolic status. 

It should be noted that in all the studies listed, 
except that of R. B., Experiment III, the values 
of X43; and Asg3 and the corresponding p’s are of 
negative sign. This represents a systematic in- 
consistency between the data and the model 
used for the analysis. Further study of the in- 
consistency by the mapping procedure described 
previously (4) indicated that the inconsistency 
does not result from choice of the parallel model 
since a mapping of the data did not show a region 
of physical realizability. An average increase in 
the value of (As; + A,;) of 7 per cent resulted 
in a physically realizable solution for all the 
tracer studies, and one way by which a realizable 
fit to the parallel model could be obtained was 
to increase the value of (A.; + A33) by at most 
25 percent. This systematic inconsistency could 
also result from a systematic error in evaluating 
Asa, NOnvalidity of the assumption that q¢(t) is 
proportional to q4(t) + qs5(t), or from the pres- 
ence in the labeled material of components de- 
In view of the 


relatively small magnitude of the inconsistency 


graded at different rates (7 


it was considered preferable to present the solu- 
tion in its inconsistent form rather than to intro- 
duce additional assumptions. 

When constraints are introduced and incon- 
sistencies are encountered (as here) it is advisable 
to consider which solution parameters are inde- 
pendent of the constraints. In our previous 
paper (4) it was pointed out that Si, Ai and 
ex + A33 are dependent only on time measure- 
ments of Compartment 1 and are thereby inde- 
Granted Aoi 0 
(evidence restricted to data of Experiment III), 
hor + Agi is constant for all models. 
in addition, entry of new carrier into Compart- 
So +S; andS;+S.+S5S 


pendent of the choice of model. 
Granted, 


ment 1, are constant 
for all models. 

Table IV shows an average increase of Sy in 
myxedema of 31 per cent. All of this increase 


can be accounted for by the 70 per cent increase 
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SIMPLIFIED DIAGRAMMATIC REPRESENTATION OF ALBUMIN METABOLISM 


KINETICS IN EUTHYROIDISM AND MYXEDEMA 


in extravascular carrier, S» + S3, since there is 
no appreciable change in plasma albumin, S}. 
Furthermore, the increase in S, + S; is almost 
entirely accounted for by the 90 per cent increase 
in S3, the carrier of the slowly exchanging extra- 
vascular compartment. 

Some insight into the development of this situ- 
ation may be gained from the following consid- 
erations. In Figure 3, for purposes of clarity, 
the model has been simplified by combining 
Compartments 2 and 3 into a single extravas- 


cular compartment. In the figure 


Nout = Ae Net, 


Pi2 = Pi3 


Nin = S, a . ’ 


the latter to give an average value for the frac- 
tional rate of transport of albumin from the 
extravascular compartments to plasma. The 
average state of affairs in euthyroidism and 
myxedema is depicted. The solution values 
shown are the mean values of the parameters in 
the two metabolic states taken from Table IV 
with the exception of Aj, and ps which were 
altered slightly (less than 4 per cent) to ‘‘balance”’ 
the models shown. 


In any given steady state where the rate of 
carrier synthesis is equal to the rate of carrier 
loss, the following relationship must hold: 


5S. = & 


ye Sen, 
Ps T I hee 


Consideration of this relationship and Figure 3 
shows that, from a descriptive standpoint at 
least, the increase in Sr in myxedema is asso- 
ciated with a marked reduction in or and cannot 
be attributed to a change in the rate of syn- 
thesis, since a considerable increase in the carrier 
of the system occurs despite a reduction in the 
rate of synthesis. It is of considerable interest 
that the increase in total carrier, explainable in 
terms of a reduction in the fractional rate of loss 
of carrier from the system as a whole, is confined 
to the extravascular compartments. From Fig- 
ure 3 it is apparent: 


(So + S3)Ain t Ps 


Sian = ie 
Nin ; 


Sout 
Se +83 
Consideration of this relationship and Figure 3 


reveals that the confinement of the increase in 
carrier in myxedema to extravascular sites is 
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primarily a reflection of the marked increase in 
Nout, Since the change in S; is insignificant. The 
change in p, contributes little to the right side 
of the equation, and the change in )j, is in the 
wrong direction to effect an increase in S2 + S3. 
Table IV shows that a marked increase in the 
outward transcapillary transport rate of albumin 
was a consistent finding in these studies. 
Altogether, Patient R. B. was studied in four 
metabolic sta‘es. The results of all four studies 
show a gradation of change in the solution param- 
The solution described above is applicable 
The study 


eters. 
only to the steady state (ps = Srdor). 
designated ‘‘transitional’”’ thyroid status was per- 
formed in a presumably unsteady state at a time 
when the patient was being rapidly converted 
from a myxedematous to a hyperthyroid status 
with triiodothyronine. Strictly speaking, this 
study is not amenable to the analysis outlined. 
However, it was considered likely that the hor- 
mone was exerting its effects primarily on the 
rates in the system and that changes in compart- 
ment sizes during the time of the study would 
probably be of insufficient magnitude to alter 
seriously the validity of the analysis. Attention 
is called to the orderly change in many of the solu- 


tion parameters proceeding in sequence through 


the metabolic states designated as hyperthyroid, 
euthyroid, transitional and myxedematous. 

In the studies of Experiment I, each patient 
served as his own control as far as metabolic 
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status is concerned. However, in any one pa- 
tient the euthyroid and myxedema studies were 
carried out with different batches of iodoalbumin, 
so that conceivably the results shown in the 
table might be explainable, at least in part, by 
the tracer material used in the 
In part, Ex- 
periment II was performed to study this possi- 
bility. 
excretion curves for the three patients are shown 
The patient, E. L., whose 


differences in 
myxedema and euthyroid studies. 


The plasma specific activity and urinary 


in Figures 4, 5 and 6. 
metabolic status was unchanged, shows a single 
final component of plasma specific activity after 
the ‘‘mixing’’ phase. The decrease in slope of 
the plasma curve produced by withdrawal of 
thyroid hormone in R. B. and the increase in 
slope produced by administration of hormone in 
% Compartment 


analysis of Part 2 of these experiments (after 


. are statistically significant. 


withdrawal and addition of hormone, respec- 
tively) is of course not possible, and, as previ- 
ously shown (4), the final plasma slopes cannot 
be regarded as more than an approximation to 
Nor. 


slope observed are similar in direction and mag- 


It is evident, however, that the changes in 


nitude to the changes in Apr noted in the ‘‘before 
This 


would appear to eliminate the possibility that 


and after” type of studies in Experiment I. 


the changes in Agr noted in Experiment I are a 
result of some factor other than hormone action. 
All three patients in this experiment were given 
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identical aliquots of the same batch of iodo- 
albumin on the same day. 


DISCUSSION 


As noted above, the overall increase in carrier 
albumin in myxedema is associated, at least de- 
scriptively, with a reduction in the overall frac- 
tional rate of loss of carrier, \or, from the system. 
The analysis indicates that thyroid hormone 
effects an increase in the absolute rates of syn- 
thesis, ps, and of loss, pp. Furthermore, confine- 
ment of the increase in carrier albumin in myx- 
edema to extravascular sites would appear to be 
a result of the increase in outward transcapillary 
transport rate of albumin, rather than of some 
factor slowing the return of albumin from extra- 
vascular sites to plasma. 

It is of some interest to speculate whether the 
primary effect of the hormone is on the fractional 
rate of loss of carrier, \or, or on the absolute rate 
We favor the former rather than the 
If the former were correct, 
hormone administration to 


of loss, pt. 
latter possibility. 
one would expect 
produce an increased rate of synthesis, p,’, and 
an increased fractional rate of loss \or’, and that 
this would produce a progressive reduction in Sr 
and automatically reach a new steady state where 
ps’ = Sr’dor’ = px’. This point of view requires 
no direct coupling of the rates of synthesis and 
degradation which are, however, equal in any 
given steady state. 

With the latter possibility one would have to 
postulate from hormone administration an in- 
creased rate of synthesis, p,’, and of loss, px’, 
where p:’ > p.’. This would result in a pro- 
gressive reduction in Sy but one is then left with 
the problem of some compensatory mechanism 
whereby, as the new steady state is approached, 
either pz.’ or p,’ is again changed such that 
pt’ = ps. Furthermore, with the latter possi- 
bility the change in Aor is a secondary one, and 

/ 


since Aor’ = 


L oe . 
= ;, it is clear that during the tran- 
te 


sition phase after administration of hormone, one 


would not expect to see the full change in dor 
until Sy had reached its final, minimal value. 
In this connection it is of interest that the ‘‘tran- 
sitional”’ study on R. B. shows a euthyroid value 
for or despite the fact that an elevation of Sr 


still persists. The nonvalidity of the applica- 


tion of the kinetic analysis to this particular 
study, however, allows little weight to be placed 
on this evidence. Additional evidence on this 
point is available from the studies of Gitlin, 
Janeway and Farr (8) who showed that plasma- 
phoresis in dogs and chronic bleeding in mice did 
not increase the fractional rate of catabolism of 
homologous albumin. 

The questionable validity of iodoalbumin as a 
tracer for native albumin catabolism has been 
discussed elsewhere (4). In addition, the studies 
of Steinfeld and co-workers (9) show a more 
rapid degradation-excretion of the particular 
type of iodoalbumin employed by us than that 
from several other preparations tested. In view 
of this, the absolute values of p, and \or shown 
in Table IV should be regarded as only approxi- 
mations, probably in error by overestimation. 
[The validity of the tracer material used in the 
study of R. B., Experiment III, is less subject to 
question (4). ] 

Despite these objections, the controlled man- 
ner in which Experiment I was carried out and 
the results of Experiment II would appear to 
leave little doubt as to the effect of both desic- 
cated thyroid and L-triiodothyronine on the dis- 
tribution kinetics and degradation of the iodo- 
albumin preparation used. 

The results of these kinetic studies of serum 
albumin behavior are more meaningful when con- 
sidered in conjunction with certain aspects of its 
metabolism revealed by other approaches. There 
is excellent experimental evidence that the liver 
(at least in the rat) is the dominant, if not the 
sole, site of albumin synthesis (10,11). In the 
isolated perfused rat liver albumin labeled in the 
liver is capable of entering the perfusion system 
via the hepatic veins (10). Once in the circu- 
lating blood, albumin is transported across the 
capillary wall to the interstitial fluid and body 
cavity fluids. It is probable that the transport 
of albumin from the interstitial fluid to plasma 
is almost exclusively via lymphatics rather than 
by re-entry of blood capillaries (12). Under 
normal conditions tracer studies reveal a roughly 
equal partition of total exchangeable albumin 
between intravascular and extravascular sites 
(13, 7). 
studies of patients given ['*!-albumin Rothschild, 
Bauman, Yalow and Berson computed that 


On the basis of biopsy and autopsy 
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plasma, interstitial fluid of skin and interstitial 
fluid of muscle accounted for 40, 18 and 15 per 
cent, respectively, of total exchangeable albumin 
(14). Utilizing the fluorescent antibody tech- 
nique, Gitlin, Landing and Whipple (15) have 
demonstrated homologous serum albumin intra- 
cellularly in a variety of human tissues. In ad- 
dition, it seems clear that circulating albumin 
may serve as a general body nitrogen source (16). 

Studies similar to those of Experiment [ of 
this paper were carried out by Schwartz on two 
patients with myxedema and analyzed by slope, 
intercept and dilution methods (17). Although 
the data in one patient did not permit satisfac- 
tory comparison of plasma slopes before and 
after treatment, the findings relative to the 
changes in total exchangeable albumin, extra- 
vascular albumin, total turnover rate and rate 
of synthesis produced by thyroid hormone in 
myxedema are in substantial agreement with the 
results reported here. 

In experiments conducted by Dixon, Talmage, 
Maurer and Deichmiller (18) employing ['*!- 
gamma globulin, thyroxine administered to rab- 
bits in a dosage sufficient to double their oxygen 
consumption resulted in a 30 per cent increase 
in the final plasma slope. Similarly, Rothschild, 
Bauman, Yalow and Berson (19) administered 
['3!-albumin to previously euthyroid patients re- 
ceiving large doses of desiccated thyroid. In- 
creases in the fractional rate of degradation, the 
absolute rate of degradation and the synthetic 
rate of serum albumin were observed along with 
a reduction in total exchangeable albumin. 

The results of the present study and those of 
other investigators cited above (17,19) are in 
substantial agreement regarding the increase in 
rate of synthesis, increase in fractional rate of 
catabolism and reduction of total exchangeable 
albumin produced by thyroid hormone. ‘These 
studies, however, shed no light on the mechanism 
whereby these changes are effected. Steinbock 
and Tarver have shown that the turnover rate 
of plasma protein is directly related to the pro- 
tein content of the diet (20). 
problem was not controlled in our experiments. 
It would appear unlikely, however, that the 
changes observed here were produced by a change 
in protein intake. In the study of C.C., Ex- 
periment II (see Figure 5), an increase in the 


This aspect of the 
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rate of renal excretion of label was evident as 
early as 48 hours after administration of triiodo- 
thyronine. At this time the patient was experi- 
encing the anorexia, malaise and headache com- 
monly seen in myxedematous patients in the 
first few days after the start of thyroid hormone. 

Whether the observed results are a direct or 
indirect effect of thyroid hormone is not clear. 
Although the effects of thyroid hormone on over- 
all nitrogen metabolism are not necessarily rele- 
vant to its effect on the metabolism of a single 
plasma protein, the overall catabolic effect of 
thyroid hormone in both euthyroid and myx- 
edematous subjects has been well documented 
(21-23). Studies in rats with N'-glycine by 
Hoberman and Graff (24) suggest that thyroxine 
decreases amino acid catabolism and increases 
the breakdown of body protein to amino acids. 
The marked increase in transcapillary trans- 
port of albumin in the present studies was a 
somewhat unexpected but consistent finding. 
The data of Lange are of interest in this con- 
nection (25). 
cein intravenously and showed that 


This investigator injected fluores- 
the dye 
appeared in the skin of myxedematous subjects 
He 


concluded that there is an increase in capillary 


much more rapidly than in normal controls. 


permeability in myxedema. 

On the other hand, White and Jones (26), 
using the pressure plethysmograph, observed in 
myxedema a reduction in the rate of filtration of 
fluid across the capillary bed of the arm in re- 
sponse to venous congestion. However, it has 
been demonstrated by Pappenheimer and Soto- 
Rivera (27) that in the mammalian circulatory 
system the permeability of the capillary walls to 
protein need not necessarily be related to its 
permeability to fluid. 

The anatomical changes in the capillaries of 
the human ungual fold in myxedema have been 
studied in the living state by Zondek, Michael 
and Kaatz (28). The principal changes observed 
consisted of reduction in the number of visible 
capillaries, an increase in the intercapillary spaces, 
a reduction in caliber, a reduction in tortuosity 
and a loss of the normal discrepancy between 
the widths of the arterial and venous limbs. 

We have no satisfactory explanation for the 
observed increase in the rate of transcapillary 


passage of albumin in myxedema. An increase 
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in capillary pressure and severe anoxia have been 
shown to produce an increase in the rate of 


In 


studies by Landis, Jonas, Angevine and Erb, a 


passage of protein across the capillary wall. 


venous congestion pressure above 60 mm. of 
mercury was required to demonstrate the effect 
(29). 
venous congestion Stead and Warren demon- 


In edema fluid produced by prolonged 


strated an increase in protein concentration by 
In 
these instances, the resulting capillary pressure 
is probably approximately 8 to 14mm. Hg greater 


a congestion pressure of 30 mm. Hg (30). 


than the congestion pressure (31), such that the 
increase in capillary pressure above normal is at 
least 50 per cent. We are not aware of any 
direct determinations of capillary pressure in 
myxedema. The mean increase in plasma col- 
loid osmotic pressure in myxedema in the pa- 
tients of Experiment I computed from their 
plasma protein concentrations was only 15 per 
cent (32). Although the mean capillary pressure 
cannot be computed from the plasma colloid 
osmotic pressure without assumptions regarding 
fluid and 


tissue pressure (27), these considerations suggest 


interstitial colloid osmotic pressure 
that the changes in capillary pressure in myx- 
edema, if any, are small, and are probably not 
the explanation for the marked increase in trans- 
capillary passage of albumin. Although severe 
anoxia will produce an increase in capillary per- 
meability to both water and plasma protein (33), 
Stead and Warren (30) found low protein con- 
centrations in the edema fluid from patients with 
severe reduction in arterial oxygen saturation, 
from which they concluded that anoxia of a 


degree sufficient to produce an increased capil- 


lary permeability to protein was incompatible 


with life. 

The mean change in plasma volume observed 
after administration of thyroid hormone (an in- 
crease of 10 per cent) is less than the 23 per cent 


increase reported by Thompson (34). 


SUMMARY AND CONCLUSIONS 


Four patients with myxedema were subjected 


to tracer studies with I'!-iodoalbumin_ before 


and after treatment with thyroid hormone. Two 
patients were studied by altering their metabolic 
status during a tracer study. One patient was 


given tracer studies in four metabolic states. 


E. RALL, AND MONES BERMAN 
The data were analyzed with reference to an 
open, multicompartment parallel model. 

The analysis indicated that there is in myx- 
edema an increase in total exchangeable albumin 
which is confined to the extravascular compart- 
ments, a reduction in the rate of albumin syn- 
thesis and catabolism, a reduction in the frac- 
tional rate of albumin catabolism, an increase 
in the transcapillary transport rate of albumin 
and a reduction in plasma volume. In patients 
in whom the metabolic status was altered during 
tracer experiments the changes in the urinary 
excretion and plasma curves were consistent with 
the results of steady state tracer experiments in 
the euthyroid and myxedematous states. 
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MECHANISM OF INTRINSIC FACTOR ACTION IN EVERTED 
SACS OF RAT SMALL INTESTINE * 
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Three decades have passed since Castle (1) and 
his associates demonstrated the existence of in- 
trinsic factor, yet knowledge of its mechanism of 
action is still so limited that in 1958 two workers 
felt justified in concluding there was no such 
thing as intrinsic factor (2). In prior studies 
(3, 4), a mechanism involved in the enhanced 
uptake of vitamin B,, by rat liver slices in the 
presence of hog intrinsic factor concentrate 
(HIFC) was demonstrated. This mechanism ap- 
peared to be dependent on the presence on liver 
slices of receptors for intrinsic factor, which in 
the presence of calcium would “take up” non- 
metabolically either free intrinsic factor or in- 
The pres- 
may 


trinsic factor bound to vitamin B,,. 
ent studies the 
operate in the rat small intestine. 


mechanism 
A_ prelimi- 


indicate same 


nary report of this work has been presented (5) 


MATERIALS AND METHODS 


The basic protocol for each experiment was that previ 
ously used in studies with rat liver slices (4). It con- 
sisted of two successive one hour incubations of everted 
sacs (6) of rat small intestine at 6° C. in air; the first 
with 0.5 mg. HIFC? in the Krebs-Ringer-Tris (4) in- 
cubation medium, the second with 0.01 ug. vitamin B,.-Co” 
added. Controls were run identically, except for exclusion 
of HIFC. Radioactivity retained in the mucosa of the 
everted sacs after three washings was determined in a 
well-type scintillation counter. Each sample was counted 


* Supported in part by Grant H-3461 from the National 
Institutes of Health, United States Public Health Service, 
and in part by a grant from the New York Heart Associ- 
ation and Heart Fund, Inc. 

+ Senior Research Fellow, New York Heart Associa- 
tion and Heart Fund, Inc. Present address: Depart- 
ment of Hematology, The Mount Sinai Hospital, New 
York, N. Y. 

1 Kindly provided by Dr. W. L. Williams and Dr. L. 
Ellenbogen, Lederle Laboratories, American Cyanamid 
Company, Pearl River, N. Y. This preparation (No. 
WES671A) was clinically active in a daily oral dose of 5 
excretion studies of 


mg., as determined by urinary 


the Schilling type (7). 


for a minimum of 10,000 counts. Radioactivity was ex- 
pressed as counts per minute per 10 cm. of small intestine 
length. 

The sacs were prepared as follows: A healthy adult 
female rat of the Wistar strain was sacrificed. The small 
intestine was immediately removed by transecting the gut 
at the duodenal end, gently pulling it free of its mesenteric 
attachment, and transecting it again at the distal end of 
the ileum. The proximal 6 cm. was discarded. A No. 6 
Cournand single lumen cardiac catheter? was 
slipped through the lumen of the small intestine, starting 
at the ileal end. When the catheter tip appeared at the 
duodenal end, a ligature was placed tightly over the ileal 
end to prevent passage of the base of the catheter. Con- 
tinuous gentle traction on the tip of the catheter then 
brought about complete eversion of the small intestine, 
which was immediately placed in 0.9 per cent NaCl at 0° 
C. Adherent intestinal content was removed by washing 
in three changes of ice-cold 0.9 per cent NaCl. Starting 
at the duodenal end, the intestine was cut into 20 seg 
ments of equal length. The ends of each segment were 
closed with Schwartz straight temporary arterial intra- 
cranial clamps. No detectable adsorption of vitamin 
3.2-Co” onto these clamps was noted after the usual 
washings. The segments were placed sequentially into 
four beakers containing the standard incubation medium, 
so that segments numbered 1, 5, 9, 13 and 17 were in 
beaker No. 1, and so forth. Although only one experi- 
ment of each type is reported, each experiment was re 
peated at least twice for verification 


woven 


RESULTS 


Simultaneous incubation. Sacs incubated in 
the standard medium with both HIFC and vita- 
min B,,—-Co® added simultaneously showed no 
enhancement of vitamin B,,-uptake due to HIFC 
(Experiments 1 and 2, Table 1). This was true 
at six different concentrations of HIFC, includ- 
ing the concentration (25 yg.) which produced 
a more than threefold enhancement of vitamin 


B,,-Co® uptake in the simultaneous incubation 


2 Purchased from United States Catheter and Instru 
ment Corp., 334 Bay Street, Glen Falls, N. Y. 

3 Purchased from Storz Instrument Co., 4570 Audubon 
Avenue, St. Louis 10, Mo. 
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STUDIES OF 


INTRINSIC FACTOR MECHANISM OF 


ACTION 


TABLE I 


Effect of hog intrinsic factor concentrate (HIFC) on vitamin Bi.—Co® uptake by everted sacs of rat small intestine 
under various experimental conditions 











| 
Cpm/10 cm. of intestine | 


Excess 
over 
control 


Experiment Total 


Cpm/10 cm, of intestine 
Excess 
over 
control 


Experiment otal 





1. Simultaneous incubation 
Control 
500 ug. HIFC 
50 ug. HIFC 
5 wg. HIFC 


2. Simultaneous incubation 
Control 
37.5 ug. HIFC 
25.0 ug. HIFC 
12.5 ug. HIFC 


123 
104 

88 
124 


3. Standard conditions* 
Control 
500 ug. HIFC 
50 ug. HIFC 
5 ug. HIFC 


. High HIFC concentrations* 
Control 
50,000 ue. HIFC 
5,000 ug. HIFC 
500 ug. HIFC 


5. Calcium effect* 

Standard medium 
Control 
HIFC 

Standard medium with sodium 

replacing calcium 

Control 
HIFC 


6. EDTAfT effect* 
3rd incubation without EDTA 
Control 


HIFC 


3rd incubation with EDTA 
Control 
HIFC 


i: O'S e350 
Standard incubation (6° C.) 
Control 133 0 
HIFC 5 464 


Incubation at 37° C. 
Control : 0 
HIFC 457 _9 


* Sequential incubation, 7.e., two successive one-hour incubations: the first with 0.5 mg. HIFC 
stated) in the incubation medium, the second with 0.01 ug. 


t Disodium ethylenediaminetetraacetate dihydrate. 


Sequential incubation. Sacs incubated first 
with 0.5 mg. of HIFC and then with vitamin 
B,,-Co® invariably 
hancement of the uptake of vitamin 
(Table I). However, no clear enhancement was 
observed in the sequential 
when 10-fold or 100-fold higher or lower concen- 


showed a_ significant en- 


B ; »-Co® 


incubation system 


8. Effect of heated HIFC* 
Control 
HIFC 
Heated HIFC 


95 
502 


9. Effect of 5,6-dimethylbenzimidazole* 
Standard incubation 
Control 
HIFC 


5,6-dimethylbenzimidazole added 
Control 
HIFC 


0. Effect of CoCl.* 
Standard incubation 
Control 
HIFC 


CoCl. added 
Control 


HIFC 


. 5,6-dimethylbenzimidazole and CoCl,* 
Standard incubation 
Control 
HIFC 


5,6-dimethylbenzimidazole and 
CoCl: added 
Control 
HIFC 


. Effect of pH 1.85* 
Standard incubation 
Control 
HIFC 
First incubation at pH 1.85 


Control 
HIFC 


. Effect of pH 1.85* 
Standard incubation 
Control 
HIFC 
Second incubation at pH 1.85 
Control 
HIFC 


107 0 
393 286 


109 0 
227 118 


“sl 


(unless otherwise 
vitamin B,.-Co™ added. 


trations of HIFC were used (Experiments 3 and 
4, Table I). 

Effect of calcium-free medium. 
ment of uptake produced by HIFC was markedly 
reduced in the absence of calcium (Experiment 

The marked increase in the uptake 
B,.-Co® by the 


The enhance- 


- rr 


>; lable 2). 


of vitamin control tissues in 
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absence of calcium may be due to increased cell 
permeability. The same phenomenon has been 
observed in studies with rat liver slices (3). 
Effect of disodium ethylenediaminetetraacetate 
dihydrate (EDTA). After performance of the 
standard experimental procedure, sacs were in- 
10 ml. of Krebs- 
Ringer-Tris to which was added 2 ml. of 0.9 
per cent NaCl either without disodium ethyl- 
enediaminetetraacetate dihydrate (EDTA) or 
containing 2 Gm. of the material per 100 ml. 
As noted in Table I, Experiment 6, the addition 
of EDTA brought about no change in control 
values, but markedly reduced the amount. of vita- 


cubated for a third hour in 


min B,,-Co® retained by sacs previously incu- 
bated in the presence of added HIFC. 

When the standard two incu- 
bations were performed at 37° C. instead of 
6° C., the intestinal sac mucosa became pale and 


Temperature. 


friable; microscopic examination * demonstrated 
destruction of the Such 
very high control uptake and no enhancement 
by HIFC (Experiment 7, Table I). 

Heating HIFC. The addition of HIFC which 
had been heated in a water bath at 100°C. for 
15 minutes resulted in no enhancement of uptake 


mucosa, sacs showed 


of vitamin B,,-Co® (Experiment 8, Table I). 
Effect of 5,6-dimethylbenzimidazole® and 
CoCl,. Neither 5,6-dimethylbenzimidazole nor 
CoCl, interfered the vitamin 
B,,-Co® by everted sacs of rat small intestine 
either without or with preincubation with HIFC 
(Experiments 9, 10 and 11, Table I). This was 
true when either or both agents were added to the 


with uptake of 


incubation medium just before the start of the sec- 
ond incubation and prior to the addition of vita- 
min B,,-Co®. The amount of 5,6-dimethylbenzi- 
midazole added was 1 pg. dissolved in 1 ml. of 
0.9 per cent NaCl (producing a ratio of 100 units 
of 5,6-dimethylbenzimidazole to 1 unit of vitamin 
B,,-Co® by weight). The amount of CoCl, 
added was 1 ml. of 0.11 M solution. 

Effect of incubation at pH 1.85. Performance 
of either the first or the incubation at 
pH 1.85 instead of pH 7.5 had no effect on uptake 


second 


4 Microscopic preparations made through the courtesy 
of Dr. H. M. Zimmerman, Department of Pathology, 
Montefiore Hospital. 

5 Kindly provided by Dr. K. Folkers, Merck Sharp & 
Dohme Research Laboratories, Rahway, N. J. 
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of control sacs but reduced the enhancement of 
vitamin B,,-Co® uptake normally observed after 
incubation with HIFC (Experiments 12 and 13, 
Table I). 


DISCUSSION 


A previous study (8) demonstrated that HIFC 
enhanced vitamin B,, uptake by open segments 
of rat small intestine. Since both the mucosal 
and serosal surfaces were exposed to the incuba- 
tion medium, such open segments were not suited 
to study of the mechanism of intrinsic factor 
action on the mucosal surface; results were com- 
plicated by serosal surface vitamin B,, uptake 
which markedly elevated control values. This 
problem was eliminated in the present study by 
using closed everted sacs of rat small intestine 
(6). Only the mucosal surface of such sacs is 
exposed to the incubation medium. 

The results of this study with everted sacs of 
rat small intestine are strikingly similar to the 
results of prior studies with rat liver slices (3, 
4). In both cases, enhancement of vitamin 
B,.-Co® uptake by HIFC is most marked in a 
sequential incubation system (1.e., a system of 
incubation with HIFC alone followed by a sec- 
ond incubation with vitamin B,,-Co® alone). In 
both cases this enhancement is observable in the 
cold, is maximal in the presence of adequate cal- 
cium, and is reversible to a significant degree 
by EDTA. In a calcium-free medium, no en- 
hancement of vitamin B,, uptake attributable to 
intrinsic factor occurs on liver slices, but a defi- 
nite enhancement is still observable with everted 
sacs of small intestine. This may be due to dif- 
ficulty in washing the everted sacs free of calcium 
prior to incubation. 

That the increase in the mucosal uptake of 
vitamin B,,-Co® after preincubation with HIFC 
is due to intrinsic factor is suggested by the facts 
that: 1) the increase is abolished by preheating 
the HIFC at 100° C. for 15 minutes, a process 
which destroys intrinsic factor activity (9); 2) 
performance of either incubation at pH 1.85 
markedly reduces the enhancement of the uptake 
of vitamin B,,-Co® otherwise observable (and 
no enhancement occurs if both incubations are 
performed at pH 1.85 [10]). (At this pH the 
effect of intrinsic factor in enhancing vitamin 
B,, absorption from the rat intestine 1m vivo is 





STUDIES OF INTRINSIC FACTOR MECHANISM OF ACTION 


reduced [11]. It is not yet clear how much of 
the reduction is due to intrinsic factor instability 
at pH 1.85, and how much may be due to in- 
stability of vitamin B,,-intrinsic factor or in- 
trinsic factor-receptor bonds at this pH.); 3) 
5,6-dimethylbenzimidazole, either alone or in 
combination with CoCl,, does not affect the bind- 
ing by the system of vitamin B,,-Co®, as it does 
not interfere with ; itrinsic factor action in human 
subjects (12). This latter point may suggest 
that in the sac formed by the everted small in- 
testine of the rat, as in the small intestine of the 
human subject, the 5,6-dimethylbenzimidazole 
portion of cyanocobalamin, as well as the cobalt 
portion, may not be involved in the interaction 
with intrinsic factor. Of course, although these 
substances as such did not interfere with the up- 
take of vitamin B,,, it is possible that as portions 
of the cyanocobalamin molecule they may be in- 
volved in the interaction with intrinsic factor. 
These findings would suggest that the mecha- 
nism of intrinsic factor action may be the same 
in the small intestine as in the liver slice. It may 
be postulated that intrinsic factor has the ability 
on the one hand to bind vitamin B,, (9) and on 
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the other to attach to liver or intestine receptors 
in the presence of calcium. Possession of these 
two properties simultaneously may be unique to 
intrinsic factor. Heparin, chondroitin sulfate 
and orosomucoid do vitamin 
B,,-Co® uptake by everted sacs of rat small 
intestine (10), as they did not increase vitamin 
B,.-Co® uptake by rat liver slices (3, 4). This 
would indicate that enhancement of vitamin B,, 
uptake is not a nonspecific property of any muco- 
polysaccharide or mucoprotein. 

The concept of an intestine receptor for intrin- 
sic factor fits all the facts which led Wallerstein, 
Harris, Schilling and Castle (13) to “infer that 
the fundamental action of intrinsic factor is on a 
superficially located 
chemical process in the wall of the upper small 
intestine” ; and led Glass, Boyd and Stephanson 
(14) to postulate the existence of an “intestinal 
vitamin B,, acceptor.” In addition, it 
of explanation of the control of absorption of 
physiologic amounts of vitamin B,, in terms of a 


not increase 


hypothetical structure or 


allows 


single mechanism at the cell surface, rather than 


of separate mechanisms at the mucosal membrane 
and intramurally. 
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This formulation of the role of intrinsic factor 
in the first step in the absorption of physiologic 
amounts of vitamin B,, is schematically depicted 
in Figures 1, 2 and 3. 
sents the ideal situation: an identical number of 
receptor sites, intrinsic factor molecules and vita- 
min B,,—-Co® molecules. 
vitamin B,, would occur in this optimal situation. 
In Figure 2, the decreased uptake of vitamin 
B,, in the presence of an inadequate amount of 
Figure 3 indicates 
the way the hypothesis of “receptor sites for in- 


Figure 1 pictorially repre- 


Maximal absorption of 


intrinsic factor is portrayed. 


trinsic factor” may be used to explain the observed 
phenomenon in vivo (15-17) of decreased vitamin 
B,, absorption in the presence of large amounts 
of intrinsic factor concentrates. When there are 
more molecules of intrinsic factor than there are 
receptor sites or molecules of vitamin B,,, a 
portion of the receptor sites will be occupied by 
intrinsic factor molecules which are not binding 
vitamin B,,. Since the excess of intrinsic factor 
saturates the receptor sites, that vitamin B,, 
lumen of the intestine, 
bound to intrinsic factor which has no available 


which remains in the 


receptor site to go to, is lost in the feces. 
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It must be emphasized that alternative explana- 
tions for the inhibitory effect of large amounts 
of HIFC must be considered. These include: 
1) possible contamination of HIFC preparations 
with nonintrinsic factor vitamin B,, binding ma- 
terials; 2) possible presence in HIFC prepara- 
tions of inhibitors of factor action. 
Neither of these possibilities can be ruled out 
until intrinsic factor is isolated in pure form. 
The most potent HIFC preparation available (No. 
WES655)* inhibited B,, uptake by 
everted sacs of rat small intestine when used in 
large quantity (10), but even this preparation 
can not be considered free of contaminants. 

Whether this schema is an accurate depiction 
of the first stage of vitamin B,, absorption in vivo 
remains to be determined. Preliminary observa- 
tions, using sodium phytate to “tie up” calcium 
in the intestine of human subjects, suggest that 
the mechanism of intrinsic factor action may in- 
deed be calcium-dependent (18). In other stud- 


intrinsic 


vitamin 


6 Kindly provided by Dr. W. L. Williams and Dr. L. 


Ellenbogen. This preparation was clinically active in a 
daily oral dose of 1 mg., as determined by urinary excre- 
tion studies of the Schilling type (7). 
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ies of the relationship of results in the in vitro 
system here reported to those in vivo, it was 
found that the maximal effect of HIFC occurs in 
those everted sacs from the middle two quarters 
of the small intestine (10) ; the maximal effect of 
intrinsic factor in the living rat is also in the 
middle quarters of the small intestine (19). The 
reason for discarding the proximal 6 cm. of 
small intestine in all the everted sac experiments 
reported here was that no effect of HIFC was 
demonstrable in that portion of the gut. 

A further parallel of the in vitro system with the 
situation is the demonstration of two 
separate mechanisms of vitamin B,, uptake in 
both. One mechanism is intrinsic factor-depend- 
ent, and plays the major role in absorption of 
physiologic amounts of vitamin B,, (20, 21). 
It is this mechanism with which this report is 
The other mechanism appears 


in vivo 


mainly concerned. 
to be a “mass action phenomenon,” possibly dif- 
fusion, and is operative in bringing about the 
absorption of small amounts of vitamin B,,. 
This latter mechanism is most readily observable 
in the human subject after the oral administra- 
tion of supraphysiologic amounts of vitamin B,, 
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(20,21). In the everted sac of rat small intestine, 
it may be this mechanism which produces the 
vitamin B,, uptake observed in controls. 

The failure to observe enhanced vitamin 
B,,-Co®” uptake by everted sacs of rat small 
intestine after incubation with large amounts of 
HIFC, or after 
amounts of HIFC which produced marked en- 
3,5 uptake, is 
The former may be explain- 


simultaneous incubation with 
hancement of liver slice vitamin 
not yet explained. 
able by “trapping” of large amounts of HIFC 
between the intestinal villi, to be released during 
the subsequent incubation with vitamin B,,-Co® 
and then to compete for the vitamin with the 
intrinsic factor on receptor sites. The latter may 
be explainable by the presence of fewer free re- 
ceptors on the intestinal wall than on the liver 
slice. This is suggested by the fact that enhance- 
ment of vitamin B,, uptake by HIFC is not as 
many times more than control values for intes- 
tine sacs as for liver slices. It is possible that 
many receptor sites on the rat intestinal wall are 
occupied by rat intrinsic factor binding vitamin 
B,, taken in the rat’s diet prior to sacrifice. Stud- 
small intestine from 


ies with everted sacs of 
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gastrectomized rats may provide useful informa- 
tion in this connection. 

Finally, the demonstration that hog intrinsic 
factor concentrate will enhance vitamin B,, up- 
take by rat small intestine further weakens the 
indirectly (22) and directly (17) attacked con- 
cept of species specificity of intrinsic factor as a 
phenomenon of major importance. Data previ- 
ously reported (8) would suggest the interest- 
ing speculation that perhaps an organ specificity 
may exist for intrinsic factor and may be of 
greater significance than the species specificity. 


SUMMARY 


Vitamin B,, uptake by everted sacs of rat small 
intestine is enhanced markedly after preincubation 
with hog intrinsic factor concentrate (HIFC). 
This enhancement occurs at 6° C., is maximal 
in a calcium-containing incubation medium, and is 
reversible to a significant degree by disodium 
ethylenediaminetetraacetate dihydrate (EDTA). 
Procedures which interfere with intrinsic factor 
action, such as heating at 100° C. or incubating 
at pH 1.85, eliminate or reduce this enhance- 
ment. 

The close similarity of these findings to those 
previously obtained with rat liver slices is dis- 
cussed. The hypothesis is presented that the 
first step in the absorption of physiologic amounts 


of vitamin B,, by the small intestine is binding of 


the vitamin to intrinsic factor and binding of in- 
trinsic factor to intestine receptors (in the pres- 
ence of calcium). It is suggested that possession 
of these two binding properties simultaneously 
may be unique to intrinsic factor. 

The uptake of vitamin B,, by everted sacs of 
rat small intestine in the absence of HIFC may 
be the in vitro parallel of a nonintrinsic factor- 
dependent mechanism of vitamin B,, absorption 
observed in vivo and operative primarily in the 
presence of supraphysiologic amounts of vitamin 
5... 
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Primary and secondary peristalsis in the 
esophagus are believed to differ in their modes of 


initiation and propagation. Since primary peri- 
stalsis is, by definition, initiated by a swallow and 
secondary peristalsis set off by esophageal disten- 
tion, their difference with respect to initiation is 
an a priori matter. Recent studies (1, 2), how- 
ever, challenge the concept that a clear distinction 
exists as far as propagation is concerned. 

Classically, primary peristalsis is said to be 
centrally integrated—that is, the afferent impulse 
released by swallowing stimulates a medullary 
center which thereupon, without further afferent 
stimulation, activates in succession oral, pharyn- 
geal and esophageal musculature (3). Sec- 
ondary peristalsis was contrasted by Meltzer and 
Auer (4) as follows: “This peristaltic move- 
ment, however, differs from the normal peri- 
stalsis after deglutition in the essential point that 
it does not progress in the lower section of the 
oesophagus if the latter be divided transversely 
at some place. That shows that this form of 
peristalsis depends upon consecutive stimulations 
of the mucous membrane of the oesophagus and 
consists of a chain of local reflexes.” 

The nature of secondary peristalsis has gener- 
ally been investigated by inserting a bolus into 
the esophagus and analyzing the transport phe- 
nomena elicited. This technique, however, has 
obvious limitations since the presense of a bolus 
could elicit local stimuli and reflexes on moving 
downstream. Under these circumstances, it is 
impossible to tell whether secondary peristalsis, 
once elicited, would similarly pass down the 
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esophagus were no bolus present. With modern 
manometric devices this question can now be 
solved, for the propagation of secondary peri- 
stalsis can be analyzed without using liquid, semi- 
solid or solid boluses that might stimulate local 
reflexes. We have therefore initiated secondary 
peristalsis in the human esophagus by local disten- 
tion, have studied the resultant inhibitory and 
motor phenomena by the technique of intra- 
luminal manometry, and have compared the ef- 
fects produced with those obtained when pri- 
mary peristalsis is induced by swallowing. 


METHODS 


A tube assembly, as used in previous studies (5) and 
consisting of three open-tipped and water-filled polyvinyl 
tubes, was passed via the nose into the esophagus of 
healthy volunteers. The tips were spaced 3 cm. apart. 
Pressure changes at the tips were transmitted through 
the water columns to Sanborn electromanometers and 
recorded. An external pneumograph identified respira- 
tory excursions on one channel. All recordings of intra- 
luminal esophageal pressure were made with the subject 
supine and the manometers leveled at the posterior axil- 
lary line. The high pressure zone which is found in 
the distal esophagus and ascribed to the lower esophageal 
sphincter (6) was located by first placing the distal re- 
cording tip in the stomach and then withdrawing it 
centimeter by centimeter. 

A balloon of 40 ml. capacity was attached to a Levin 
tube, passed into the esophagus, and the proximal end 
of the tube firmly fixed. Radiologic localization of the 
balloon and of the radiopaque pressure recording tips 
was carried out in all cases. The balloon was inflated 
by several techniques. Momentary or prolonged inflation 
was carried out by injecting an absolute amount of air 
rapidly with a syringe, holding the air in the balloon for 
the desired period of time, and then aspirating the air 
quickly. To achieve a more physiologic distention stimu- 
lus which would not move but would yield to esophageal 
contraction isobaric inflation of the balloon was used. 
In this system, which has been used extensively to re- 
cord motility (7,8), the balloon is inflated under moderate, 
approximately constant pressure (6 to 12 cm. water) 
produced by the difference between water levels of two 
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chambers in a damped kymographic system (9). The 
amount of air allowed in the balloon is determined by the 
esophageal reaction: Once the balloon has reached a 
certain size, the esophagus contracts and expels air back 
into the external system. During the various techniques 
of inflation used, the balloon was also connected to an 
electromanometer and writing channel in order to pro- 
vide for accurate recording of times of inflation and de- 
flation, or of esophageal contraction or relaxation in the 
area of the balloon. 


RESULTS 


1. Effect of momentary distention on esophageal 
motility 


Rapid inflation and deflation of the fixed bal- 
loon was carried out 115 times in 11 subjects. 
The balloon was held inflated for a mean time 
of 3.7 seconds. In 55 tests (47 per cent), pro- 
gressive pressure waves were produced and re- 
corded as passing sequentially over tips placed in 
the esophagus distal to the ballon (Figure 1A). 
No swallowing movements preceded the ap- 
pearance of these waves. A nonprogressive pres- 


Balloon inflated 
15 cc. of ° release 
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sure change appearing in only one tip, called a 
“spasm,” was elicited in an additional seven tests. 
The amount of air used for inflation of the bal- 
loon varied from 5 to 40 ml. with a mean of 21 ml. 
No correlation was found between the amounts of 
air used and the incidence of either progressive 
or nonprogressive positive pressure responses. 
Substernal pain was occasionally produced when 
35 to 40 ml. was injected but did not appear to 
affect the results. In 
moving pressure wave was elicited by esophageal 


those tests in which a 
distention, the interval between beginning of bal- 
loon inflation and the start of the pressure rise 
at the tip nearest the balloon was 5.5 seconds; 
the interval between the beginning of balloon 
deflation and the start of pressure rise at the 
nearest tip, 2.1 seconds. 


inflation averaged 3.7 seconds, it appears that 


Since the duration of 


initiation of the moving pressure wave in this 
experimental design was closely related to defla- 
tion. The speed ot progression of the wave, 


once set off, averaged 3 cm. per second. 


Hg. 
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COMPARISON OF SECONDARY (A) AND Primary (B) ESOPHAGEAL PERISTALSIS CURVES 


A. Momentary distention with an air-filled balloon fixed in the mid-esophagus produced a drop in pressure in the 
sphincteric zone (bottom tracing), followed by a progressive contraction recorded at two esophageal sites distal to the 


balloon (upper two tracings). 


These pressure phenomena, elicited without a swallow or moving bolus, are comparable 


to those characterizing primary esophageal peristalsis initiated by swallowing (Fig. 1B). 

Reprinted with permission from The Journal of Applied Physiology, 1958, 12, 341. 

B. The drop in pressure in the sphincteric zone (bottom tracing) and the progressive contraction in the esophagus 
(upper two tracings) released by a dry swallow (one containing only air and a little saliva) are demonstrated 


DS indicates dry swallow. 
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Fic. 2. Pressure Tracincs DurING ProLoncepD DISTENTION (A) Com- 
PARED WITH FREQUENT SWALLOWINGS (B) 


A. Prolonged distention (solid bar at top of record) of a balloon fixed in 
the mid-esophagus was attended by no changes in the body of the esophagus 
distal to the balloon (proximal and middle tips), and produced a sustained 
drop in intrasphincteric pressure (distal tip), maintained until the balloon 
was deflated. Thereafter a pressure wave passed through the lower esopha- 
gus and sphincter. The overall effect on esophageal motility is similar to 
that produced by rapidly repeated swallows (Fig. 2B). 

B. Liquid swallows taken at approximately seven second intervals pro- 
duced a sustained drop in pressure in the sphincteric zone (distal tip), and 
no peristaltic pressure phenomena appeared in the body of the esophagus 
(proximal and middle tips) during this time. The sustained rise and the 
occasional spikes of pressure recorded are ascribable to fluid introduced into 
the esophagus and to transmitted oropharyngeal pressures. After the swal- 
lowing efforts ceased, a peristaltic contraction travelled down the esophagus. 
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2. Effect of momentary distention on the lower 
esophageal sphincter 


The lowermost recording tip was in the high 
pressure zone (lower esophageal sphincter) on 
62 of the occasions when the balloon was inflated 
momentarily. A drop in pressure occurred 51 
times, 39 being associated with the progressive 
pressure reactions described above. In every 
instance the drop in pressure in the sphincteric 
area preceded the rise in pressure recorded by 
the tip nearest the balloon (Figure 1A). The 


average time between the beginning of inflation 


and the beginning of the pressure drop was 1.5 
seconds. The average time from the start of the 
pressure drop to deflation was 2.2 seconds. Thus 
the drop in pressure in the sphincteric zone 
seems to be related to the period of inflation when 
the esophagus is still distended. At the end of 
the period of low intrasphincteric pressure, an 
overshoot to levels 2 to 7 mm. Hg above resting 
levels occurred in 12 of the 39 tests ii which 
progressive esophageal 
elicited by momentary distention. 

In 12 instances a pressure drop in the sphincter 
zone occurred in the absence of any accompany- 
ing progressive pressure wave. The average 
amount of air used for ballon inflation in these 12 
tests was 17 ml. as compared to the average 
amount of 21 ml. used to elicit the full sequence 
of an esophageal progressive pressure wave and a 


pressure waves were 
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decrease in intrasphincteric pressure. In the 
group of 12 tests exhibiting only a drop in intra- 
sphincteric pressure, this drop was less marked 
than in those exhibiting the full sequence, and 
in no case did pressures overshoot the resting 
levels at the completion of the low pressure, 
interval. 

No evidence of sphincteric changes was de- 
tected in the seven tests showing a ‘ 
sponse. 


‘spasm” re- 


3. Effects of prolonged distention 


When inflation was maintained for periods of 
10 seconds to 2 minutes, with no air allowed to 
escape from the balloon, variable patterns re- 
sulted. 
the high pressure zone which continued for as 


One effect was a drop in pressure in 


long as the balloon was inflated (Figure 2A). 
During this period no clear-cut pattern of pres- 
sure changes occurred in the body of the esopha- 
gus. 


was recorded passing over the esophagus and the 


After deflation, a progressive pressure wave 
sphincteric area. In this case, as was true of the 
response to momentary distention, the pressure drop 
in the high pressure zone seemed related to infla- 
tion, whereas the positive pressure sequence in 
the body of the esophagus seemed to be related 
to balloon deflation. 

Prolonged distention sometimes produced no 
changes in the motor activity of either the esopha- 
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EFFECT OF IsoBARIC DISTENTION ON ESOPHAGEAL CONTRACTIONS 


Balloon inflation by the isobaric technique produced repeated local esophageal contractions 


(small spikes in balloon recording). 


Each contraction compressing the fixed but pliable balloon 


bolus was followed by a pressure wave progressing through the body of the esophagus below 


the balloon (proximal and distal tips). 
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gus or the sphincteric area. On occassion, a 
pressure wave was initiated and progressed down 
the esophagus while prolonged distention was 
being maintained. In these instances, the re- 
sponse in the esophagus distal to the balloon ap- 
peared to be preceded by a fall and then a rise of 
pressure within the balloon, as if the resistance of 
the esophageal wall to balloon distention had to 
diminish before a distally moving pressure wave 
could be elicited. 

/. Effect of isobaric distention 

When the esophagus in five subjects was stimu- 
lated by isobaric balloon inflation, air flowed into 
the balloon under the applied pressure and then 
flowed out in response to the resultant esophageal 
contraction at a rate of four to nine full cycles per 
minute. Each of the contractions so produced 
by the fixed but pliable balloon stimulus there- 
upon travelled down the gullet at a correspond- 
ing rate of four to nine per minute (Figure 3) 
and produced a moving pressure complex similar 
to those seen in response to momentary balloon 
distention. 
flected in the pneumograph, could not be cor- 
related with the moving pressure waves. 

In three cases in which the distal recording 
tip was in the lower esophageal sphincter zone, 
symmetrically spaced periods of high and low 
Though not al- 


Diaphragmatic contraction, as re- 


pressure were also recorded. 
ways identifiable against this fluctuating back- 
ground, intrasphincteric pressure seemed to fall 
shortly after the beginning of each contraction 


about the stimulating balloon. 


5. Pressure patterns produced in the esophagus 
above the balloon 
Pressures were recorded at three sites (spaced 
3 cm. apart) above the balloon during and after 21 
momentary inflations in three subjects. A simul- 
taneous increase in pressure occurred in 19 cases 


at two or more recording sites. In four of these, 


a progressive pressure wave followed the “spasm.” 
These pressure waves had the same configura- 
tion and rate of progress as those recorded in 
the esophagus below a stimulating balloon. In 
no instance was a progressive pressure wave 


seen above the balloon without an antecedent 
“spasm.” 


Isobaric distention, with recording above the 
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balloon, resulted in a different pattern from that 
obtained below the balloon. Instead of repetitive 
contractions moving aborally at a rate of four to 
nine per minute, “spasms,” usually erratic but 
occasionally rhythmic at a rate of approximately 
nine per minute, were recorded. 


DISCUSSION 


The aborally moving pressure wave produced 
by momentary local distention of the mid-esopha- 
gus exhibits a pattern identical to that released 
by a “dry” swallow (Figure 1B). The con- 
figuration of the complex, its rate of progression, 
and the fall in pressure in the zone of the lower 
esophageal sphincter are common to both motor 
phenomena, although one is the result of a swal- 
low, 1.¢., primary peristalsis, and the other of 
local esophageal distention, 1.e., secondary peri- 
No swallowing, moving bolus or respir- 
atory effects attended the secondary wave. Thus 
local esophageal distention may elicit a peristaltic 
phenomenon in the esophagus exactly the same 
as that of primary peristalsis, except that mani- 
festations of a nervous control center, such as 
oropharyngeal movements and respiratory inter- 
ruption, are absent. Since no bolus moved down- 
stream, propagation of the wave obviously did 
not depend on a bolus to set off a series of “con- 
secutive stimulations of the mucous membrane of 
the oesophagus.” 

Although a regular pattern of secondary peri- 
stalsis could be elicited by momentary disten- 
tion, the response was obtained in no more than 
half the tests. 


stalsis. 


Creamer and Schlegel, in study- 
ing the esophageal response to distention, ob- 
served peristalsis distal to the distending balloon 
in only 26 per cent of tests (2). Even swallowing, 
however, is irregularly followed by a primary 
peristaltic wave, the response occurring about 
three-fourths of the time in the entire esophagus, 
and 59 per cent of the time in the lower third 
(10). In the distention experiments, one reason 
for a peristaltic response rate may lie in the 
stimulus itself. Certainly forcible inflation of a 
balloon is not comparable as a stimulus to a 
swallow of water and may, indeed, favor a re- 
sponse of inhibition over contraction. 

influences 
participating in the control of esophageal motility 


Similar and powerful inhibitory 
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may be brought to light both by swallowing and 
by local esophageal distention. Either stimulus 
may be followed by a fall in pressure in the zone 
of the lower esophageal sphincter, presumably 
reflecting relaxation of tonically contracted muscle. 
As evident from the results of momentary esopha- 
geal distention, this sphincteric relaxation pre- 
cedes the onset of peristaltic contraction in the 
body of the esophagus and may, indeed, take place 
without a detectable contractile response, an ob- 
servation also made by others in man (2) and 
dogs (11). When the inhibitory phase is con- 
stantly stimulated, either by taking repetitive 
swallows at intervals of less than seven seconds 
(Figure 2B) or by maintaining forcible local 
distention of the esophagus, the sphincteric zone 
remains constantly relaxed. 

Inhibitory influences in the sphincteric zone 
are readily demonstrable because of its high rest- 
ing tonicity. In the body of the esophagus, flaccid 
at rest, inhibitory effects are not so easily shown 
but their presence may be inferred. It is evident 
that repetitive swallows at less than seven second 
intervals or prolonged balloon distention will 
postpone until after cessation of the stimulus the 
peristaltic contraction that follows a single swal- 
low or momentary inflation of the balloon. Thus, 
stimuli eliciting either primary or secondary peri- 
stalsis would seem to release first a wave of 
inhibition that passes rapidly down the esophagus 
and the lower sphincter; when this phase ends, 
and only then, a contractile effect travels the 
same path. The “wave of inhibition” need not 
be regarded as a wave of positive inhibitory in- 
fluences. It is more simply conceived of as a 
temporary suppression of excitatory stimuli, phasic 
as well as tonic. 

The mere release of an inhibitory effect does 
not necessarily precipitate an ensuing contraction. 
Rather, a local contraction appears either if a 
rigid distending force is released, or if a moderate 
and yielding distending force is employed, as is 
the case if a liquid bolus is introduced into the 
esophagus or isobaric balloon distention is used. 
Propagation of this contraction in the form of a 
peristaltic wave then takes place, possibly be- 
cause sensory stimuli from the area of local con- 
traction set off a chain reaction in some nervous 
swallowing center controlling esophageal peri- 


stalsis. If this were the case, however, the 
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esophageal motor response above the stimulated 
area might be expected also to exhibit a_peri- 
staltic pattern. Such a pattern was not recorded 
at all during isobaric distention of the esophagus, 
and after momentary distention only if a “spasm” 
was first elicited. A central nervous mechanism 
organizing secondary peristalsis should also act 
less erratically with respect to the incidence of 
peristaltic phenomena appearing in response to 
local esophageal stimulation. Certainly the nerv- 
ous center that controls oropharyngeal swallow- 
ing mechanisms is distinguished by the constancy 
and reproducibility of its sequence (12). 

The alternate possibility is that the local stim- 
ulus sets off a contractile impulse which passes 
down the esophagus independently of a swallow- 
ing center. 
vago-vagal reflexes, myenteric plexus activity, 


Responsible pathways would include 


and perhaps even muscle-to-muscle transmission. 
The participation of vago-vagal reflexes is indi- 
cated not only by impairment of secondary peri- 
stalsis achieved by high vagal section in animals 
(13), but also by Andrew’s findings in rats that 
the very passage of a contraction, without any 
bolus, is sufficient to release afferent impulses 
(14). 

Secondary peristalsis may be defined as a wave 
stimulated by transient local distention of the 


esophagus, characterized by sequential phenomena 


of inhibition and excitation, and depending for its 
propagation neither on a swallowing center nor 
a moving bolus. Except for its method of stimu- 
lation and its apparent independence of a swal- 
lowing center, secondary peristalsis is thus identi- 
cal in its manifestations to primary peristalsis. 
The question then arises: Are primary and sec- 
Is not pri- 
mary peristalsis merely a peristaltic phenomenon 
precipitated when either a bolus or a contraction 
is passed from the pharynx into the esophagus? 
A number of observations made in moderately 


ondary peristalsis really different? 


anesthetized animals would indicate that primary 
and secondary peristalsis differ in their modes of 
esophageal propagation (1, 4, 13), but these ob- 
servations 
The studies here reported and the erratic be- 
havior of primary as well as secondary peristal- 
sis suggest that the basic mechanisms underlying 
both types of esophageal peristalsis are essentially 
the same. 


are not unequivocally conclusive. 
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SUMMARY 


Esophageal peristalsis is traditionally separated 
into two types: primary, set off by swallowing 
and propagated by stimuli emanating from a 


medullary swallowing center; and _ secondary, 


initiated by esophageal distention and propagated 
by sequential short reflex arcs stimulated by the 


moving bolus. The studies underlying this con- 
cept of secondary peristalsis made use, however, 
of a moving bolus, a circumstance which makes 
it impossible to tell whether secondary peristal- 
sis, once elicited, would similarly pass down the 
esophagus were no bolus present. 

In our studies, secondary peristalsis was initi- 
ated by distending an esophageal balloon that was 
fixed, and by measuring the resultant motor and 
inhibitory phenomena above and below the bal- 
loon with the aid of manometric devices too 
small to affect motility. When the balloon was 
distended momentarily, the high resting pressure 
in the zone of the lower esophageal sphincter 
fell, and a pressure wave travelled down the 
esophagus. The total sequence was identical to 
that produced when primary peristalsis is initi- 
ated by a dry swallow. By varying the method 
of balloon inflation, motor and inhibitory phe- 
nomena identical to those produced by rapidly or 
slowly repeated swallows were obtained. Above 
the distending balloon, nonpropulsive contractions 
were the reactions to balloon distention. 
No evidence indicate that a 
nervous swallowing center was controlling the 
secondary peristaltic phenomena elicited. 

The propagation of secondary peristalsis thus 
does not require a moving bolus to stimulate 
sequential motor reflexes, nor does it appear to be 
dominated by a swallowing center. The orderly 
progress of secondary peristalsis presumably de- 
pends, therefore, on impulses released by the con- 
traction itself and transmitted via vago-vagal, 
intermuscular 


usual 


was obtained to 


myenteric plexus, and perhaps 
activity. 

Primary and secondary peristalsis are re- 
markably similar in their manometric manifesta- 


tions, their independence of an esophageal bolus, 


and their erratic incidence following apparently 
adequate stimuli. It may be questioned, there- 
fore, whether any real difference between these 
two forms of esophageal motility exists and 
whether, indeed, a swallowing center has any 
influence over the esophageal phase of primary 
peristalsis. 
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The physiologic differences between various 
types of laboratory preparations and unanesthe- 
tized m-n have been in part responsible for a 
wide diversion of opinion concerning the control 
of cardiac function in man (1). While numerous 
studies of the regulation of cardiac performance 
have been carried out in animals, relatively few 
studies have been done in man(2). The present 
work was undertaken in an attempt to clarify 
some of the mechanisms concerned with the con- 


trol of cardiac function in man and has included 
studies in normal subjects and patients with 
mitral stenosis. 

During a study of the relation existing be- 
tween renal and cardiac function, rapid intra- 
venous infusions were given to normal individuals 
and patients with various types of cardiac dis- 


orders (3). When the infusions consisted of 
isotonic solutions of dextran? it was possible to 
analyze the relation of right heart filling pres- 
sure to cardiac output or right ventricular work, 
in a manner which closely simulated that used 
by Sarnoff and Berglund in the anesthetized dog 
(4), or Warren, Brannon, Weens and Stead in 
man (5). The present report is concerned with 
the effects on cardiac performance of varied de- 
grees of expansion of the blood volume during 
32 studies in 31 normal subjects and 16 studies in 
15 patients with mitral stenosis. 


MATERIAL 


Normal Subjects. Twenty-seven normal volunteers 
who were either policemen, medical students, or nurses 
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were studied on an ambulatory basis, each resting for an 
hour before and after the study. On the basis of a his- 
tory and physical examination none of these subjects 
showed evidence of cardiac or renal disease. In addition, 
four patients hospitalized because of cardiac symptoms 
but lacking objective findings of heart disease were stud- 
ied. One of these subjects (No. 864) had high control 
values for oxygen consumption (339 and 358 ml. per 
minute), pulse rate (109 and 118 beats per minute) and 
cardiac index (7.06 and 6.68 ml. per minute per M.” body 
surface area [B.S.A.]). The oxygen consumption, pulse 
rate and cardiac index remained high throughout the 
study. This subject did not give a history suggestive of 
hyperthyroidism and the renal excretion and thyroid up- 
take of I™ as well as the protein bound iodine were 
within normal limits. 

One subject (No. 948 and 976) was studied on two oc- 
casions three and one-half months apart. 

The age of the subjects ranged between 16 and 49 years. 
Nineteen subjects were male and 12 were female. 

Patients. Seventeen with rheumatic heart 
disease and mitral stenosis were studied. The data in two 
patients have been excluded from the results. One of 
these patients developed an allergic reaction to dextran 
manifested by urticaria and a marked fall in blood pres- 
sure, while the other patient was unable to tolerate the 
procedure due to the severity of her cardiac disease. All 
of the patients had the classic signs of mitral stenosis. 
Most of the patients were only moderately limited by 
their heart disease and were classified functionally in 
group I or II according to the criteria of the American 
Heart Association. Two of the patients (Nos. 873 and 
990) were more severely affected and were classified in 
group III. One of the patients was studied both before 
and after commissurotomy (No. 994 and 1009). This 
patient and one other (No. 979) had atrial fibrillation. 
All other patients had sinus rhythm. None of the patients 
were receiving cardiac medications at the time of the 
study except for three patients (Nos. 873, 994 and 1009) 
who were fully digitalized. The patients ranged in age 
from 26 to 49 years. Eleven patients were female and 
four were male. 

Figure 1 shows the age and heart size of the patients 
as well as the physiologic data prior to the start of the 
intravenous infusions. The patients receiving infusions 
of dextran in isotonic saline had somewhat 
larger hearts, slightly lower cardiac indices and higher 
pulmonary arterial pressures than those receiving infu- 
sions of dextran in 5 per cent glucose and water. 
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Controt Data OBTAINED ON ALL PATIENTS RECEIVING INFUSIONS OF DEXTRAN IN 5 PER CENT 


GLucosE AND WaTER (Biack Dots) AND DEXTRAN IN IsoTONIC SALINE SOLUTION (X) 


Heart volume is given in ml. according to Liljestrand’s method. RAM designates right atrial mean 
pressure in mm. Hg; PAM, pulmonary arterial mean pressure in mm. Hg; PR, pulse rate per minute; O, 
cons., oxygen consumption in ml. per minute; CI, cardiac index in L. per minute per M.? B.S.A. 


METHODS 


The pulmonary artery was catheterized according to 
the method of Cournand and Ranges (6-8). In four 
normal individuals (Nos. 855, 864, 907 and 926) and in 
three patients (Nos. 858, 863 and 925) a double lumen 
catheter was used. In two normal individuals (Nos. 867 
and 986) and in five patients with mitral stenosis (Nos. 
897, 967, 969, 979 and 994) two catheters were introduced, 
the tip of one catheter being placed in the pulmonary ar- 
tery and the tip of the other in the right atrium. In all 
other studies the right atrial pressure was measured dur- 
ing passage of the catheter into the pulmonary artery, and 
again on withdrawal of the catheter just before the intra- 
venous infusion was ended. 

An indwelling arterial placed in the 
brachial artery. Cardiac output was determined accord- 
ing to the direct Fick principle with simultaneous sampling 
of expired air and blood from the pulmonary and brachial 
arteries during a two minute period (9). The blood 
gases were determined in duplicate according to the tech- 
nique of Van Slyke and Neill (10). Duplicate analyses of 
the expired air were carried out in a Haldane apparatus. 

Blood samples for hemoglobin determinations were ob- 
tained periodically from the indwelling arterial needle. 
Hemoglobin content was measured from the amounts of 


needle was 


oxyhemoglobin read in a Beckman spectrophotometer. 
The percentage decrease in hemoglobin was used as an 
indication of the increase in blood volume. Pressures 
were measured by Elema strain-gage manometers, the 
zero point of reference being 5 cm. below the sternum at 
the level of the fourth costochondral junction. 


The right ventricular work was calculated using the 
following formulae: Right ventricular work index 
(RVWI) in Kg. per minute per M2 B.S.A.= cardiac 
index X (mean pulmonary arterial pressure — mean right 
atrial pressure) X 13.6/1,000. 

Right ventricular stroke work index (RVSWI) in 
Gm.-M. per beat per M.* B.S.A. = stroke index X (mean 
pulmonary arterial pressure — mean right atrial pressure) 
xX 13.6. 

Procedure. All studies were performed in the morning 
with the subject recumbent and in the postabsorptive state. 
Since the study included an evaluation of renal function 
and renal hemodynamics the patient was initially given 
a priming dose of inulin and para-aminohippurate intra- 
venously. During the remainder of the study these sub- 
stances were given at a constant rate with a motor driven 
syringe. As part of the renal study, collections of urine 
were begun 30 minutes following the priming dose of 
inulin and para-aminohippurate and were repeated every 
10 to 15 minutes during the remainder of the procedure. 
Blood samples for the clearance determinations were ob- 
tained from the brachial artery at the time of each col- 
lection of urine. 

Approximately one hour after the priming doses of 
inulin and para-aminohippurate had been given and 30 
minutes after the catheter or catheters had been posi- 
tioned, peripheral and pulmonary arterial blood samples 
were obtained with the collection of expired air and the 
measurement of right heart and peripheral arterial pres- 
sures. In most individuals two control determinations of 
the cardiac output were obtained one to two minutes 
apart. The mean of these two values was used for com- 
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parison with the data obtained as the study progressed 
(9). Similar duplicate determinations of cardiac output 
were not made during the remainder of the study. 

The infusion was begun immediately following the de- 
termination of the control values for oxygen consumption, 
arteriovenous oxygen difference, pulse rate and right heart 
and peripheral pressures. 

Initial studies carried out with infusions of dextran 
alone proved unsatisfactory due to the occurrence of 
hemolysis. In two normal subjects (Nos. 851 and 855) 
and one patient (No. 858), a 10 per cent solution of dex- 
tran in water was used. In all subsequent studies dextran 
was infused as a 6 or 8 per cent solution with either 5 per 
cent glucose and water or isotonic saline solution. No evi- 
dence of hemolysis occurred with infusions of dextran 
solutions of this type. Thus, in 18 normal subjects and 
15 patients with mitral stenosis, 6 per cent dextran was 
given either in 3 per cent glucose and water (13 normal 
subjects and nine patients with mitral stenosis) or in 
isotonic saline solution (five normal individuals and 
seven patients with mitral stenosis). In 12 normal sub- 
jects infusions of 5 per cent glucose and water (three sub- 
jects), isotonic saline solution (five subjects) and distilled 
water (four subjects) were given. 

The infusions were given with a syringe driven by a 
motor at a constant rate so that approximately 25 ml. of 
fluid were injected per minute (11). Infusions of distilled 
water were given through a catheter, the tip of which 
lay in the right atrium. All other types of infusions 
were given through a polyethylene catheter which was 
inserted for a short distance into one of the antecubital 
veins. In normal subjects, solutions containing dextran 
were ordinarily given for 60 minutes. All other infu- 
sions in the normal individuals were given for periods of 
up to 100 minutes. In patients with mitral stenosis the 
infusions of dextran were terminated 30 to 50 minutes 
after their onset due to the rapid rise in pulmonary ar- 
terial pressure that ordinarily occurred at this time. 

Cardiac output ordinarily was measured twice during 
the period of the infusion and again, in some instances, 15 
to 20 minutes following the termination of the infusion. 
Measurement of right heart and peripheral pressures were 
carried out at 10 to 15 minute intervals at the onset of the 
infusion and more often during its later phases. All of 
the physiologic measurements were made without inter- 
rupting the infusion once it was begun. 

No complications were noticed except in the two pa- 
tients mentioned previously. None of the other subjects 
manifested signs of apprehension, dyspnea, orthopnea or 
pulmonary edema despite increases in blood volume of 
approximately 25 per cent and marked elevation of pul- 
monary arterial and right atrial pressures. 


RESULTS 


The necessity for infusing large amounts of 
water, glucose or saline with the dextran lead to 
a study of the cardiovascular effects of these 
fluids when they were given in a manner similar 
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to that in which the dextran solutions were in 
fused. Although infusions of distilled water pro- 
duced hemolysis when given into a peripheral 
vein, no hemolysis developed when the infused 
water was given through a catheter, the tip of 
which lay in the right atrium. 

In normal subjects infusions of isotonic saline 
solution, 3 per cent glucose in water and distilled 
water (Table I) produced a mean increase in 
blood volume of 5.3 per cent during the first 40 
minutes of the infusion and 8.4 per cent when the 
infusion was continued for periods up to 80 min- 
utes. Increases in blood volume of this magnitude 
produced no significant changes in heart rate, 
oxygen consumption, arteriovenous oxygen dif 
ference, cardiac index, stroke index, right atrial 
mean pressure and brachial arterial mean _pres- 
sure (Table II). 
nary arterial mean pressure rose 2.5 mm. Hg or 
27 per cent (0.05 > p> 0.02). Right ventricu 
lar stroke work index could be evaluated in only 
four studies rising less than 20 per cent in two 
subjects and 69 and 122 per cent in the other two 
individuals. 

When dextran was given, with either 5 per 
cent glucose in water (Table III) or isotonic 
saline solution (Table IV), to normal subjects 
or patients without cardiovascular disease, the 
mean increase in blood volume was 12.9 per cent 
during the first 40 minutes of the infusion and 


The mean value for pulmo 


22.5 per cent when the infusion was continued 
for periods up to 60 minutes (Table V). A 
mean increase in blood volume of 12.9 per cent 
was not accompanied by significant changes in 
oxygen consumption, stroke index, brachial arte 
rial mean pressure and the right ventricular stroke 
work index. 
the mean 
difference 


Significant changes were found in 
values for the arteriovenous 
(— 4.6 ml. l.. or — 12 per cent, 
p < 0.001), cardiac index (+ 0.65 L. per min- 
ute per M.? B.S.A. or +17 per cent, 0.01 > 
p > 0.001), right atrial mean pressure (+ 4.1 
mm. Hg or + 168 percent, p < 0.001). The pulse 
rate increased four beats per minute or 
cent (0.05 > p > 0.02). 

During the latter period of the infusion when 
blood 22 5 


ho hows 


oxygen 


per 


+ 5 per 


the mean increase in volume was 


per cent, brachial arterial mean pressure was 


not significantly changed over control values. 
All other physiologic measurements were altered 
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EFFECT OF INDUCED HYPERVOLEMIA ON CARDIAC FUNCTION 


TABLE II 


Normal subjects: H2O, physiologic saline solution and 3 per cent glucose in H,O 





Difference from control values 
during infusion 


Control 20-39 min. 


39 min. 





Heart rate 12 
(beat/min.) 71.9 


3.39 
11.76 : 
0.1>p>0.05 


Oxygen consumption N 12 9 
(ml./min.) 17.9 
8.76 
26.27 
0.1>p>0.05 
Arteriovenous oxygen difference 


€ 
(ml./L.) 


a 
43 
29 


>p>0.1 
Cardiac index 9 
(L./min./M. B.S.A.) 0.36 
0.204 
0.613 
0.2>p>0.1 
Stroke index 
(ml./beat/M.? B.S.A.) 


( 
Ee 
54 
7.63 
0.05 >p>0.02 


Right auricular mean pressure 
(mm. Hg) 


0.601 
ES 
0.5>p>0.3 
Pulmonary artery mean pressure h 10 
(mm. Hg) ] : 3 yA 
. 0.95 
1.2. 2.99 
0.01>p>0.001 0 05 >p>0.02 
Brachial artery mean pressure 8 
(mm. Hg) 1.4 
ERS: 
4.34 
0.4>p>0.3 


Right ventricular stroke work index 
(Gm. M./beat/M.2 B.S.A.) 


Decrease in hemoglobin 
o7 
/€ 


* Abbreviations are as follows: N 


, number of observations; M, mean; SE, standard error 
p, p value. 


; SD, standard deviation ; 
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EFFECT OF 


INDUCED HYPERVOLEMIA ON 


CARDIAC FUNCTION 


TABLE V 


Normal subjects: Dextran in physiologic saline solution and dextran in 5 per cent glucose in H,O 








Difference from control values 
during infusion 


20-39 min. 


Control 39 min. 





Heart rate 
(beat/min.) 


Oxygen consumption 
(ml. /min.) 


Arteriovenous oxygen difference 
(ml./L.) 


Cardiac index 
(L./min./M.2 B.S.A.) 


Stroke index 
(ml./beat/M.2 B.S.A.) 


Right atrial mean or right 
ventricular indiastolic pressure 
(mm. Hg) 


Pulmonary artery mean pressure 
(mm. Hg) 


Brachial artery mean pressure 
(mm. Hg) 


Right ventricular stroke work index 


(Gm. M./beat/M. B.S.A.) 


Decrease in hemoglobin 
(%) 


p 


N 
M 
SE 


p 


N 
M 
SE 


Pp 


N 
M 
SE 
SD 
p 


20 

76.1 
2.87 

12.85 


16 
0 +7.3 
87 2.61 
73 10.46 
0.05>p>0.02 0.02>p>0.01 


17 
+4 
1 
7 


17 16 
+7.1 +18.7 
6.57 6.15 


27.08 24.62 
0.3>p>0.2 0.01>p>0.001 


17 16 

-- —7.0 
1.38 
5.54 

p<0.001 


4.54 
p<0.001 


17 16 
+0.65 +1.17 
0.212 0.192 
0.875 0.769 
0.01>p>0.001 p <0.001 


L7 16 
+-6.6 +-10.0 
3.17 2.58 
13.08 10.30 
0.1>p>0.05 0.01>p>0.001 


+4.1 
0.86 
Za 2.74 
0.01 >p>0.001 p<0.001 


15 14 
+-6.3 +99 

0.85 1.06 

3.28 3.97 
p <0.001 p <0.001 


17 16 

+-().4 +2.1 
1.04 1.56 
4.30 


6.26 
0.8>p>0.7 0.2>p>0.1 
a 10 
+2.0 +4.4 
0.91 0.89 
2.04 2.82 
0.1>p>0.05 p<0.001 


16 
9 +22.5 
1.30 1.65 
5.39 6.61 
p<0.001 p <0.001 


1 
+1 


* Abbreviations are as follows: N, number of observations; M, mean; SE, standard error; SD, standard deviation; 


Pp, p value. 
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TABLE VI 


Patients with mitral stenosis 


Control 


Dextran in 
physiologic 
saline 
solution 


Dextran in 
5% glucose 


Infused solution and water 


Heart rate 
beat/min.) 


Oxygen consumption 
(ml. /min. 


Arteriovenous oxygen 
difference 
(ml./L.) 


Cardiac index 
(L./min./M.2 B.S.A.) 


Stroke index 
(ml./beat/M 4 B.S.A.) 


Right atrial mean or 

right ventricular 

indiastolic pressure 
(mm. Hg) 


Pulmonary artery 
mean pressure 
mm, Hg) 


Brachial artery 
mean pressure 
mm. Hg) 


Right ventricular 
stroke work index M 
(Gm. M./beat/M 2 B.S.A.) SE 
> 


Decrease in hemoglobin 
— 


* Abbreviations are as follows: N, number of 


significantly over the control values; pulse rate 
(+ 7.3 or + 9.6 
0.02 > p> 0.01), oxygen consumption (+ 18.7 
ml. per minute or +7 per cent, 0.01 >p> 
0.001), arteriovenous oxygen difference (— 7 ml. 
per L. or—18 per cent, p< 0.001), cardiac 
index (+ 1.17 L. per minute per M.* B.S.A. or + 
31 per cent, p < 0.001), stroke index (+ 10 ml. 
per beat per M.? B.S.A. or + 20 per cent, 0.01 > 
p > 0.001), right atrial mean pressure (+ 5.5 
mm. Hg or + 242 per cent, p < 0.001), and right 
ventricular stroke work index (+ 4.4 Gm.M per 


beats per minute per cent, 


15-39 min. after the onset of infusions 





Dextran in 
physiologic 
saline 
solution 


Combined 
values 


Dextran in 
5% glucose 
and water 


Combined 
values 


observations; M, mez 


9 
6 
2.16 
6.51 
0.8 >p>0.7 


16 
81.8 
3.66 ‘ 
14.63 6.25 
0.3 >p >0.2 
16 
209.8 
8.4 
33.6 


16 
8.7 


20.21 


26.82 2 
0.8 >p>0.7 


0.2>p>0.1 


9 
—2.77 
-686 
2.059 
0.01 >p >0.001 


16 
—2.81 
1.04 


7 
—2.86 
2.26 
5.99 4.81 
0.3 >p >0.2 0.02 >p >0.01 
7 9 
443 
-1767 
.468 
0.05 >p >0.02 


16 
.410 
1118 


3844 
-142 
427 4475 
0.05 >p >0.02 0.01 >p >0.001 
9 16 
3 2.875 
1.365 .976 
4.096 3.903 
0.1 >p>0.05 0.02 >p >0.01 


13 
4.31 
745 
2.69 
p <0.001 


7 

.267 
3.356 
0.01 >p >0.001 


9 
9.888 
1.173 
3.519 
p <0.001 


16 


9 

1.89 

2.419 

7.258 
0.5 >p >0.3 


4.086 
-7837 


6 
7.45 
818 
2.005 
p <0.001 


2.076 
0.01 >p >0.001 


8 

18 

1.32 

3.742 
p <0.001 


15 
16.28 
1.207 
4.671 
p <0.001 


7 
14.57 
1.97 
5.219 
p <0.001 


; SE, standard error; SD, standard deviation; p, p value. 


beat per M.? B.S.A. or + 78.6 per cent, p< 
0.001). 

During the control period, patients with mitral 
stenosis (Table VI) differed from normal sub- 
jects in having higher pulmonary arterial mean 
pressures (normals, 10.4 mm. Hg; patients, 19.5 
mm. Hg) and greater right ventricular stroke 
work indices (normals, 5.6 Gm.M. per beat per 
M.* B.S.A.; patients, 9.26 Gm.M. per beat per 
M.*3S.A.). 

Although patients with mitral stenosis receiv- 
ing infusions of dextran in 5 per cent glucose and 
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EFFECT OF INDUCED HYPERVOLEMIA ON 


water (Table VII) showed only slight differences 
from the normal group in their mean control 
values for cardiac index, stroke index and ar- 
teriovenous oxygen difference, patients infused 
with dextran in isotonic saline solution (Table 
VII) had significantly lower cardiac and stroke 
indices and higher arteriovenous oxygen dif- 
ferences than the normal volunteers. 

The results of infusions of dextran for periods 
of 40 minutes in patients with mitral stenosis and 
normal subjects were similar in producing slight 
but not significant changes in heart rate, oxygen 
consumption and brachial arterial pressure, while 
blood volume, cardiac and stroke indices and right 
heart filling pressure were increased by roughly 
comparable amounts. 

The results differed in the greater increase in 
mean pulmonary arterial pressure (normals, + 
6.3 mm. Hg; patients, + 13.6 mm. Hg) (Fig- 
ure 2), and right ventricular stroke work index 
(normals, + 2 Gm.M. per beat per M.? B.S.A.; 
patients, + 5.6 Gm.M. per beat per M.? B.S.A.) 
found in the patients. The difference was most 
marked in patients receiving infusions of dextran 
in isotonic saline solution in whom the mean in- 
creases in pulmonary arterial mean pressure and 
right ventricular stroke work index were 18 mm. 
Hg and 7.45 Gm.M. per beat per M.? B.S.A., 
respectively, approximately three times that found 
in normal subjects. 

While mean increases in right heart filling pres- 
sures of 5.5 mm. Hg in normal subjects and 4.3 
mm. Hg in patients were associated with signifi- 
cant increases in the mean values for cardiac and 
stroke indices and right ventricular stroke work 
index, the coefficients of the regressions of right 
heart filling pressures to the change in these 
indices were not significant (Figures 3-5). 

Examination of the data in individual studies 
shows instances in which significant changes in 
right heart filling pressures were associated with 
changes in cardiac output which could not be 
considered significant, as the standard error of 
a single determination of cardiac output in this 
laboratory has been demonstrated to be 7.2 per 
cent (9). A 10 per cent variability in duplicate 
determinations of cardiac output has been shown 
elsewhere (12, 13). 

In seven normal volunteers cardiac indices 
were altered by less than 15 per cent while right 
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Fic. 2. REGRESSIONS FOR THE 
NARY ARTERIAL MEAN PRESSURE ON 
DECREASE IN HEMOGLOBIN 

On the lower half of the figure separate regression lines 
are plotted for infusions of dextran in isotonic saline solu- 
tion (dotted line) and dextran in 5 per cent glucose and 
water (solid line). The coefficients of the regression 
equations, E=0.357x + 1.653 (normal and 
E = 0.576x — 0.855 (patients receiving infusions of dex 
tran in 5 per cent glucose and water), are significant (p < 
0.001 in each instance). The coefficient of the equation 
E = 0.485x + 9.035 in patients infused with dextran in 
>p>0.1). 


subjects) 


isotonic saline solution is not significant (0.2 


heart filling pressures rose 4 to 12 mm. Hg. 
Stroke indices were unaltered or fell in five sub- 
jects in association with increases in right filling 
pressures of 5 to 10 mm. Hg. 

In six patients cardiac indices showed changes 
of less than 10 per cent while right heart filling 
pressures rose 2 to 6 mm. Hg. Stroke indices 
were unaltered or increased 1 to 2 ml. in three 


patients with increases in right heart filling pres- 
sures of 1 to 6 mm. Hg, while in three other pa- 
tients stroke indices fell 1 to 10 ml. in association 
with increases in right heart filling pressures of 
1 to 6 mm. Hg. 

In all patients and in all normal subjects, 
save one, the right ventricular stroke work index 


rose in association with increases in right heart 
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lic. 3. REGRESSIONS FOR THE PERCENTAGE CHANGE IN CARDIAC INDEX ON THE INCREASE IN 
RicHt Heart FILLInG PRESSURE 

RAM designates right atrial mean pressure; RVD, right ventricular end-diastolic pressure. 

The coefficients of the regression equations, E =2.53x + 9.974 (normal subjects) and E= 

1.182x + 6.406 (patients with mitral stenosis), are not significant (p>0.1 and p>0.3, re- 


spectively). 


sures being less than 40 per cent in five pa- 
tients and two normal subjects with increases in 
right filling pressures of 2 to 8 mm. Hg and 8 
to 12 mm. Hg, respectively. 


filling pressures (Figure 6) and elevation of blood 
volume (Figure 7). The rise in right ventricular 
stroke work index was sometimes small in rela- 
tion to the increase in right heart filling pres- 
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RAM designates right atrial mean pressure; RVD, right ventricular end-diastolic pressure. 
The coefficients of the regression equations, E = 1.76x + 6.896 (normal subjects) and E = 1.66x 
+ 2.095 (patients with mitral stenosis), are not significant (p > 0.3 and p > 0.1, respectively). 





EFFECT OF INDUCED HYPERVOLEMIA ON CARDIAC 


A significant linear relation was found be- 
tween the percentage decrease in hemoglobin in 
normal subjects and the percentage change in 
cardiac index (0.02 >p> 0.01) (Figure 8), 
the percentage change in stroke index (0.005 > 
p > 0.001) (Figure 9), and the change in right 
ventricular stroke work index (0.05 >p> 
0.02) (Figure 10). The correlation coefficients 
of 0.41, 0.36 and 0.47 relating the percentage de- 
crease in hemoglobin in the normal subjects to 
these indices were also significant. In patients 
with mitral stenosis a significant linear relation 
was found between the percentage decrease in 
hemoglobin and the percentage change in cardiac 
index (0.05 > p > 0.02). The correlation coeffi- 
cient of 0.37 was also significant. No significant 
linear relation was found between the percentage 
decrease in hemoglobin in the patients with 
mitral stenosis and the percentage change in 
stroke index or the change in right ventricular 
stroke work index. 


DISCUSSION 


The effect of rapid infusions of albumin (5), 
dextran (14) or saline (15, 16) on the cardiac 
output and pressures in the right atrium and 
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Fic. 5. REGRESSIONS FOR THE CHANGE IN RIGHT VEN- 
TRICULAR (RV) STROKE WorK INDEX ON THE INCREASE 
IN RicgHt Heart FILLinG PRESSURE 

RAM, right atrial mean pressure; RVD, right ventricu- 
lar end-diastolic pressure. The coefficients of the regres- 
sion equations, E =0.1754x +2.46 (normal subjects) 
and E=5.403—0.174x are not significant (p>0.3 in 
each instance). 
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Fic. 6. THE RELATION BETWEEN 
LING PRESSURE AND RIGHT 
INDEX IN EACH SUBJECT 

The initial plots on the left hand side of the figure 
represent control values. All other plots occurred dur- 
ing the period of the infusions. 
sure was considered representative of right heart filling 
pressure except in those instances marked RVD, when 
right ventricular end-diastolic pressure was used. 


Right atrial mean pres- 


pulmonary artery has been studied previously in 
While it 


that right atrial pressure rises as blood volume 


man. has been found consistently 
increases, the effect on cardiac output has varied, 
cardiac output remaining unchanged in one study 
(5) and rising in the others (14-16). This 
divergence in results may be due to variations in 
the magnitude of the blood volume increase, to 
physiologic differences among the subjects or to 
differences in the experimental procedures. In an 
effort to limit the effect of these variables, com- 
parable studies were first carried out in normal 
volunteers and subsequently in patients with mui- 
tral stenosis. 

In normal subjects infusions of 3 per cent 
glucose and water or isotonic saline solution in- 
creased blood volume 5 to 8 per cent with no 
significant change in right heart pressures and 


stroke or cardiac indices. Infusions of dextran 


in 5 per cent glucose and water or isotonic saline 


solution given in a similar manner to normal sub- 
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Fic. 7. THe RELATION BETWEEN THE PERCENTAGE DECREASE IN HEMOGLOBIN AND RIGHT VENTRICULAR 
StroKE WorK INDEX IN EACH SUBJECT 


The plots on the left of the graph are control values; subsequent plots were obtained during the period 


of the infusion. 
except in those instances marked RVD, when right 


jects and patients with mitral stenosis increased 
blood volume 22 and 16 per cent, respectively, 
and were associated with significant increases in 
right heart and pulmonary arterial pressures, the 
increase in pressures being related to the degree 
of blood volume expansion, a relation that had 
been found previously in anesthetized dogs (17, 
18). 

Right heart filling pressure increased to a mean 
value of 6 to 7 
in patients with right heart failure, yet the ab- 
sence of a fall in cardiac output either in the 
normal subjects or the patients with mitral steno- 
sis suggests that the heart was not in a failing 
state. 

The rise in pulmonary arterial pressure was 
significantly greater in patients with mitral steno- 
sis, a finding which might be due either to altera- 


mm. Hg, a level commonly found 


tions known to occur in the pulmonary vascular 
bed of these patients or perhaps to the presence of 
right ventricular hypertrophy. 

In these studies the correct evaluation of the 
effects of alterations in right heart filling pres- 


Right atrial mean pressure was used in calculating right ventricular stroke work index 


ventricular end-diastolic pressure was used. 


sures on cardiac output and cardiac work is 
dependent on the relation existing between meas- 
ured and effective pressure as well as the signifi- 
cance of right atrial mean pressure as an indi- 
cator of the filling pressure in the right ventricle. 

Changes in intrathoracic and intrapericardial 
pressures were not measured during these studies 
making it impossible to determine the effective 
right heart pressures. Although the change in 
effective right atrial pressure was probably less 
than the measured pressure change, the dif- 
ference was felt to be no greater than 1 to 2 mm. 
Hg. 

In those instances in which right atrial mean 
and right ventricular end-diastolic pressures were 
measured simultaneously the latter was 1 to 4 
mm. Hg higher than the former during the con- 
trol period. During the period of the infusion, 
right atrial mean pressure and right ventricular 
end-diastolic pressures in a comparable 
manner (Figure 11) as had been noted previ- 
ously during exercise studies in patients with 
mitral stenosis (19). 


rose 





EFFECT OF 


Besides increasing blood volume and elevating 
right heart filling pressure, an infusion of dex- 
tran causes other physiologic changes which in 
themselves may play some role in the regulation of 
cardiac output. Increased cardiac outputs found in 
dogs during dextran infusions were shown to be 
the result of a marked anemia and the associated 
decrease in the oxygen carrying capacity of the 
blood (18, 20). In the present studies the mag- 
nitude of the anemia was less than in the animal 
studies cited above, hematocrits being altered 
less than 30 per cent and hemoglobin levels 
never falling below 10 Gm., a level which has not 
been found to be with elevation of 
cardiac output in studies of patients with chronic 
anemia (21). 

Cardiac output and right heart filling pres- 
sures may be altered by the occurrence of tri- 
cuspid insufficiency during dextran infusions in 
Examina- 


associated 


animals with open pericardiums (22 
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Fic. 8. REGRESSIONS FOR THE PERCENTAGE CHANGE 
IN CarpIAc INDEX ON THE PERCENTAGE DECREASE IN 
HEMOGLOBIN 

The coefficient of the regression equations, E = 1.058x 
+418 (normal subjects) and E=1.188x —6.78 (pa- 
tients with mitral stenosis), are significant (0.02 > p> 
0.01 and 0.05 > p> 0.02, respectively). 


INDUCED HYPERVOLEMIA ON 


CARDIAC FUNCTION 





| [ Normal Su bjects | 








° 





| 
~% 
°o 

| 





_ [Mitral stenosis] 





+ 
oa 
°o 


@ DEXTRAN + GLUCOSE 
“ «“ Nact 


+ 
> 
: 





~~ cent Change Siroke Index 
n 

3 

L 


—20- 10 
Per cent degrease Hb 





THE PERCENTAGE CHANGE 
PERCENTAGE DECREASE IN 


Fic. 9. REGRESSIONS FOR 
IN STROKE INDEX ON THE 
HEMOGLOBIN 

The coefficient of the regression equation, E = 1.2x — 
4.95 in normal subjects, is significant (p< 0.005). The 
coefficient of the regression equation, E = 0.9133x — 6.78 
in patients with mitral stenosis, is not significant (p 


0.1). 


tions of the atrial pressure curves recorded at 
the end of the infusion periods failed to reveal 
evidence of tricuspid insufficiency in either normal 
volunteers or patients with mitral stenosis. 

Data on renal blood flow obtained during the 
present studies show that infusions of dextran are 
often associated with changes in renal hemo- 
dynamics. In normal subjects renal blood flow 
was not significantly altered during infusions of 
isotonic saline solution or 5 per cent glucose and 
water. When received iniu- 
sions of dextran with 5 per cent glucose and water 
or isotonic saline solution, renal blood flow in- 
creased, in some instances, to twice the control 
values. Increases in blood flow of this 
magnitude, although partially explicable on the 


normal volunteers 


renal 


basis of the measured change in cardiac output, 
would appear also to be indicative of vasodilita- 
tion in the renal vascular bed. 

While the data in normal subjects and patients 
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Fic. 10. REGRESSIONS FOR THE CHANGE IN RIGHT 
VENTRICULAR STROKE WorK INDEX ON THE PERCENTAGE 
DECREASE IN HEMOGLOBIN 

The coefficient of the regression equation, E = 0.15x + 
0.656 in normal subjects, is significant (0.05 > p > 0.02). 
The coefficient of the regression equation, E = 0.044x + 
3.829 in patients with mitral stenosis, is not significant 
(p> 0.9). 


with mitral stenosis show a mean rise in cardiac 
and stroke output occurring in association with 
increases in right heart filling pressures, no uni- 
form way of relating these variables was found; 
indeed in 13 instances, changes in cardiac output 


of questionable significance occurred in the pres- 


ence of increases in right heart filling pressures of 
4 to 12 mm. Hg. Previous studies in subjects 
with induced fluid 
stances also failed to 
right heart filling pressure and cardiac output 
(23). 


Increases in right heart filling pressures of the 


retention have in some in- 


show a relation between 


magnitude produced in these studies are not 
usually encountered in the intact normal individ- 
ual even under conditions of moderate to severe 
exertion (24) when the cardiac output is ele- 
vated to a far greater extent than was encountered 
in this work (25). 
to moderate increases in cardiac output in as- 


The occurrence of only slight 


sociation with abnormal increzses in right heart 
filling pressures in healthy subjects implies the 
importance of other mechanisms by which cardiac 
output may be elevated from normal levels to the 
higher values associated with the physiologic 
stresses of daily life. 

The significance of increases in right heart 
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filling pressure to the elevation of cardiac output 
in patients with mitral stenosis cannot be clearly 
assessed since it is well known that these pa- 
tients may be unable to increase their cardiac 
outputs to the extent found in normal subjects. 
It appears, however, that the effect on cardiac 
output of increases in right heart filling pressures, 
within the range studied, was essentially the same 
in healthy subjects and in patients with mitral 
stenosis. 

Changes in blood volume were also associated 
with significant increases in the mean values of 
cardiac and stroke indices in both patients and 
normal subjects. The relation between blood 
volume changes and these indices was significant 
in normal subjects. In patients with mitral 
stenosis the relationship was significant only as 
regards the cardiac index. There were again 
eight normal subjects and five patients in whom 
maximum increases in blood volume of 10 to 31 
per cent were associated with changes in cardiac 
output of less than 15 per cent, a change which 
should be considered of questionable significance 
in view of the limitations of the methods utilized. 
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finish of the dextran infusion. Syst. designates systolic; 
Diast., diastolic; M, mean. 
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The belief that right heart filling pressure is of 
dominant importance in the control of cardiac 
output in man has been based partly on studies 
conducted during pressure breathing (26), acute 
hemorrhage (27) and tilting (28, 29), experi- 
mental procedures which lead to a decreased 
venous return and a fall in the effective filling 
pressure of the right heart. Under these cir- 
cumstances an ultimate fall in cardiac output 
would appear inevitable for the heart cannot 
pump out more blood than it receives. It does 
not necessarily follow that an increased venous 
return and an elevated cardiac filling pressure 
need be associated with an increased cardiac 
output. 

The data in the present study suggest that the 
alterations in cardiac filling pressure and venous 
return cannot adequately explain the wide varia- 
tions in cardiac output occurring in normal man; 
indeed the lack of a significant change in cardiac 
output in 13 subjects despite a steady increase in 
blood volume and right heart filling pressure 
suggests the presence of some mechanism by 
which cardiac output is maintained at a rela- 
tively constant level under these conditions. 

In each subject, save one, increase in blood 
volume and elevation of right heart filling pres- 
sure were associated ultimately with an increase 
in right ventricular stroke work, a finding which 
is in accordance with Starling’s law of the heart 
(30). 


tween these two variables and work was found 


However, no significant linear relation be- 


except in the normal subjects where a signifi- 
cant linear relation existed between the percent- 
age decrease in hemoglobin and the increase in 
right ventricular stroke work index. In in- 
dividual subjects the increase in work for a given 
change in pressure was often far less than has 
While this 


difference in the pressure volume relation (the 


been reported previously in animals. 


ventricular function curve) of man and animal 
might be explained on the basis of the species 
studied, it might also be the result of the altered 
physiologic status of a laboratory preparation as 
compared to intact unanesthetized man. In a 
laboratory preparation, the normal state is sacri- 
ficed in varying degrees to reduce the number of 
variables under study to a minimum, In intact 
man these many variables operate simultaneously, 
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each altering to some degree the manner in which 
the others would function were they to be operat- 
ing alone. 

Other investigators (2, 4) have felt that the re- 
sponse of the heart to a given filling pressure may 
vary widely as a result of changes presumably in 
myocardial tone or contractility ; functions of car- 
diac muscle which appear at least in part to be un- 
der neurohumoral control. The presence of these 
neurohumoral factors in intact man and _ their 
absence in many laboratory preparations would 
appear to be the most likely explanation of the 
disparity between the magnitude of the work in- 
crease found in this study and that found in the 
animal studies cited above. 

The greatest increase in work for a given in- 
crease in blood volume or filling pressure was 
found in those patients with mitral stenosis whose 
hemodynamic findings showed the most marked 
deviations Whether this dif- 


ference between patients and normal subjects was 


from normal. 
due to the presence of right ventricular hyper- 
trophy, or the result of a change in myocardial 
contractility or tone initiated by some neuro- 
humoral mechanism, cannot be determined from 
the present data. 

The present study is an attempt to place in 
proper perspective the relation of increased blood 
volume and filling pressure to cardiac function in 
intact man. The data in no way deny to cardiac 
muscle its inherent ability of responding to in- 
creased tension with increased force (Starling’s 
law of the heart), all other variables remaining 
constant. The data do, however, show that in 
normal man the response of cardiac muscle to an 
abnormal increase in filling pressure and blood 
volume is not of a sufficient degree to warrant 
the assumption that the filling pressure is neces 
sarily the main determinant of the level of cardiac 
output or cardiac work. One explanation for the 
findings may lie in a continuous shift of cardiac 
function from one Starling curve to another as 
filling pressure rises. The implication is strong 
that a mechanism of this type or some other 
mechanism under neurohumoral control may be 


of more importance to the level of cardiac func- 


tion than the small variations in filling pressure 
which occur in normal man or patients with mild 
to moderate forms of cardiac disease. 
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1. Intravenous infusions of distilled water, 3 
per cent glucose in water, physiologic saline solu- 
tion and 6 or 8 per cent dextran in either 5 per cent 
glucose and water or physiologic saline solution 
were given at a constant rate of 25 ml. per minute 
for periods of 30 to 100 minutes to 31 normal 
subjects and 15 patients with mitral stenosis. 

2. During infusions of water, physiologic saline 
solution and 3 per cent glucose in water in normal 
subjects, blood volume increased 5 to 8 per cent. 
No other significant changes in cardiovascular 
hemodynamics occurred. 

3. Infusions of 6 or 8 per cent dextran solutions 
in normal subjects were associated with increases 
in blood volume of 20 to 35 per cent, rises in right 
heart filling pressures of 2 to 12 mm. Hg and 
elevations of pulmonary arterial mean pressure 
of 3to 15 mm. Hg. With the greatest expansion 
in blood volume, cardiac and stroke output were 
increased 31 and 20 per cent, respectively. In 


seven subjects, however, increases in right heart 
filling pressure of 4 to 12 mm. Hg were associated 
with changes in cardiac output of less than 15 


per cent. 

4. In patients with mitral stenosis increases in 
blood volume of 10 to 29 per cent were associ- 
ated with increases in right heart filling pressures 
of 1 to 10 mm. Hg and increases in pulmonary 
arterial mean pressures of 8 to 23 mm. Hg. The 
mean increase in pulmonary arterial mean pres- 
sure of 13.56 mm. Hg was twice that found in 
The increase in pulmonary 
arterial mean pressure was most marked in pa- 


normal subjects. 


tients receiving infusions of 6 per cent dextran in 
physiologic saline solution, being on the average 
three times greater than the increase found in 
normal subjects. Mean values for cardiac and 
stroke output increased 13 and 7 per cent, re- 
spectively. In six patients cardiac output changed 
less than 10 per cent while right heart filling 
pressure increased 2 to 6 mm. Hg. 

5. In all patients and in all normal subjects 
save one, maximum increases in blood volume 
and right heart filling pressure were associated 
with increases in right ventricular stroke work. 
In seven instances the increase in right ventricu- 
lar work was relatively small compared to the 
increase in right heart filling pressure, the in- 
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crease in right ventricular work being less than 
40 per cent while right heart filling pressures 
rose 2 to 12 mm. Hg. 

6. No significant relation appeared to exist in 
normal subjects or patients between the magni- 
tude of the increase in right heart filling pressure 
and the percentage change in cardiac and stroke 
output or the change in right ventricular stroke 
work. 

7. In normal subjects a significant linear rela- 
tion was found between the degree of blood vol- 
ume expansion and the percentage change in car- 
diac output, stroke output and the change in right 
ventricular stroke work. In patients with mitral 
stenosis a significant linear relation was found 
only between the degree of blood volume expan- 
sion and the percentage change in cardiac output. 

8. The relatively small alterations in cardiac 
function occurring with the moderate to marked 
elevations of right heart filling pressure suggest 
the importance of factors other than filling pres- 
sure in the control of cardiac function in man. 
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The indicator dilution technique of Stewart was 
reintroduced in practicable form by Kinsman, 
Moore and Hamilton in 1929 (1), was developed 
further by this group (2, 3), and since then has 
been extensively used to measure cardiac output 
and central blood volume (the volume of blood 
between the site of injection and sampling of the 
In 1951 Kopelman and Lee (4) ob- 
served that tricuspid regurgitation greatly pro- 


indicator ). 


longed the time concentration curve, and more re- 
cently Korner and Shillingford (5, 6) by anal- 
ysis of data from model experiments attempted 
to show that the degree of alteration of the curve 
was proportional to the amount of regurgitant 
flow. 

This principle, that regurgitant flow can be 
quantitatively or semiquantitatively estimated from 
indicator dilution curves, has been used recently 
both for clinical and for physiological studies. 
Clinically, it has been evaluated as an additional 
test for estimating the severity of mitral incom- 
petence (7-10) ; physiologically, it has been used 
to determine the effects of rest and exercise on 
tricuspid incompetence (11) and to clarify the 
role of valvular incompetence in heart failure 
(12). 


sumption that changes in the indicator dilution 


Underlying all these studies is the as- 


curve depend only on the cardiac output, central 
But in- 
competence of a cardiac valve may be associated 
The 


stroke volume and/or heart rate may increase; 


volume and amount of regurgitation. 
with many other hemodynamic changes: 


the distribution of blood volume behind and in 


front of the incompetent valve may alter; the 


heart chambers and great veins may change in 
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+ Markle Scholar in Medicine. Department of Medi- 
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address: 


capacity; and distention or disease may alter the 
elasticity of the atria, ventricles or great vessels 
and thereby affect streaming and mixing of indi- 
cator, particularly in the regurgitant jet. Not all 
of these changes could be controlled or assessed 
in the model which Korner and Shillingford used 
(5, 6), and a new model was therefore devised 
to assess the influence of some of these changes on 
indicator dilution curves. 


MATERIAL AND METHODS 


A rigid model was designed to allow direct measure- 
ment of forward and regurgitant flow (Figure 1). In 
this model the volume upstream (proximal) and down- 
stream (distal) to the valves could be altered by in- 
serting a glass sphere at S, or S.; the stroke volume could 
be changed from 20 to 42 ml. by moving the attachment 
of the piston to the cam; the residual volume of the 
pump could be changed from 0 to 45 ml. by altering the 
distance between the barrel of the syringe and the cam; 
and the valve V;, could be made incompetent. When it 
was incompetent dye dilution curves were made with 
three types of chamber at S,: 1) a 235 ml. sphere with 
its entrance and exit at 90° to each other (C,) ; 2) a 235 
ml. sphere with its entrance and exit at 180° to each other 
(C,) ; and 3) the 235 ml. sphere placed at S, so that the 
chamber before the pump consisted of the 2 cm. wide tub- 
ing of the model (C,). During experiments on valvular 
incompetence the aperture of reflux was constant, and 
forward and regurgitant flows were regulated by chang- 
ing the pump rate and the resistances to each outflow. 
Both forward and backward outflow (at B. and B,) were 
collected simultaneously for 30 seconds during the in- 
scription of the dye dilution curve and were measured 
in the same cylinder to the nearest 5 ml. 

In some experiments a thin rubber segment dilated to 
form a distensible chamber (E) of variable size was in- 
serted at S,, and valves V, and V, were removed. With 
each regurgitant jet the elastic chamber dilated and al- 
lowed the jet to mix with the incoming water although 
some of the water in the system was displaced backwards 
into the reservoir which was open to air. In this elastic 
system it was no longer possible to measure the regurgi- 
tant flow directly, but it could be estimated by subtracting 
the measured forward output from the total minute out- 
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put of the pump. This estimate is approximate because 
during the downstroke of the piston a small amount of 
water, found in preliminary experiments with competent 
valves not to exceed 2 to 4 ml. per stroke, flows through 
the model. As a result the measured forward output is 
slightly greater than the calculated output of the pump, 
and the backflow would be underestimated by this method 
of calculation. 

Evans blue dye (T-1824) was injected rapidly at point 
I with an insulin syringe fitted with a metal barrel cap to 
limit withdrawal of the plunger. This syringe could 
therefore be filled with the same amount each time, and 
the amount of dye injected (1 mg. per ml.) was found by 
weighing to be 1.6873 + 0.019 mg. After each injection 
the pump was run until all the dye had been washed out 
of the model and the curve had returned to the base line. 

The dye curves were made with a photo cell ear piece 
oximeter and amplifier (5) and an Evershed direct-writ- 
ing recorder. As the response was alinear a calibration 
curve was made from a series of dye solutions of concen- 
tration 0.5 to 4.0 mg. per L. and the heights of the dye 
curve at one second intervals were converted by this 
calibration curve into concentrations in mg. per L. The 
sensitivity of the system was rechecked after every five 
to six curves and appropriate corrections were made 
when necessary. 

Five curve parameters and two ratios were studied: 
1) slope (S); 2) variance (s*?); 3) the time taken for 
the dye concentration to fall to 0.1 mg. per L. (PT); 4) 
appearance time (AT); 5) mean time of the curve 
(MTT) calculated from the sum of dye concentrations 
at each second throughout the curve times each corre- 
sponding time interval divided by the sum of dye con- 
centration at each second throughout the curve (SCT/ 
SC) ; and the ratios PT/AT and PT/MTT. 

All outputs referred to are those measured directly, 
and these were also used in the calculation of central 
volume. This was calculated according to the methods 
of Hamilton, Moore, Kinsman and Spurling (3) but 
modified by fitting the downslope to the first 8 to 10 points 
of the straight line descent by the method of least squares 
(13) and by summing the dye concentrations to infinity 
(14). These modifications were also used in calculating 
the variance of the curve. Experimental differences be- 
tween parameters or ratios were evaluated by an analysis 
of regression technique, the adjusted mean being compared 
by weighting the variances of the groups (15). 


RESULTS 2 


A. Rigid model, no valvular incompetence 
Dye dilution curves were made with stroke 
volumes of 20 and 42 ml. and residual volumes 
of 0 and 45 ml. To determine how each curve 
parameter and ratio was related to output and 


1 Copies of supplementary tables are available at the 
Auxiliary Publications Project, Photoduplication Serv- 
ice, Library of Congress, Washington 25, D. C. 
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Fic. 1. DraAGRAM OF THE MODEL 


A, inflow from tap; 
forward 


The diagram is labeled as follows: 
B, and B., outflow tubes for measuring 
backward flow, open to air to prevent siphoning; O, ox- 
imeter earpiece; I, site of dye injection; P, piston pump 
(100 ml. syringe). Piston attached to a cam run by a 
variable speed motor; R, 
keep head of pressure constant) kept below level of out- 
flow tubes to prevent continuous forward flow; S, and S., 
sites at which the volume of the apparatus could be al- 


and 


reservoir (with spillover to 


tered or an elastic chamber inserted; C, and C,, glass 


spheres inserted at S, and S,; E, elastic segment inside 
glass sphere inserted at Si; Vi« gravity valves; and T, 
tube to eliminate dead space 

In some experiments other valves (inset lower center) 
were substituted for V, and V, When the valves were 
competent water was pumped out at B, with little or no 
spillover (not more than 20 ml. per minute) through V, 
and out at B,; this small loss was caused by the pressure 
wave set up each time V, closed and seemed proportional 
to the force of its closure. When V, was incompetent, 
with the rigid model, each regurgitant jet displaced an 
equal amount of water past V, and out of B,; the site of 
the injection of dye was far enough forward to prevent 
loss of dye at B,, and B, was higher than B, to prevent 
outflow in the absence of incompetence of V3. 


central volume the data from each combina 


tion of stroke and residual volume were pooled 
and used to calculate the correlation coefficients 
and partial correlation coefficients 1) between each 


curve parameter (or ratio) and output and 2) 


between each curve parameter (or ratio) and 


central volume. Logarithms of output, central 
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volume or of the parameter or ratios were used 
if preliminary calculations showed that a higher 
correlation could be obtained thereby. The mul- 
tiple correlation coefficient (r) between all three 
is also given (Table 1). 

All the curve parameters (but not the ratios) 
were largely dependent on output and central 
volume. The small residual variation (1-r?) of 
less than 20 per cent was due to factors other 
than changes in output and central volume, and 
included differences resulting from changes in 
stroke and residual volume as well as from experi- 
mental error. Comparisons of the four combina- 


on which can 


The partial correlation 
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meter and the central volume when the 


al volume, ryj3. 


Significance ot 
» parameter under consid 


attributed to other factors. 


tions of stroke and residual volume showed no 
difference between the slopes of any regression 
planes except those for the ratio PT/MTT 
(0.005 > p > 0.001). The means of each para- 
meter or ratio adjusted to the same output and 


0.001>p 
0.001>p 
0.3>p>0.2 

Significance of 
0.005 > p >0.001 
0.001 >p 


—0.71 


+-0.69 


Log. central volume 
Log. central volume 


central volume are given in Table II, as are the 


and betw 


relevant variance ratios and estimates of signifi- 


2.35 


cance. The adjusted mean values in the table 
were obtained by a) averaging the forward out- 
puts and central volumes from both groups being 
compared and then }) using separate regression 
formulae for each chamber to adjust the mean 
value of the parameter or ratio to these averages. 
In effect this shows what the mean values would 
have been had all the experiments been made at 
a constant output and central volume. The values 


h may be 


TABLE I 
of 
constant is ry; 


ance 


0.001 >p 
0.001 >p 


0.4>p>0.3 
Significance 


0.2>p>0.1 


Signihice 


—r? that portion whic 


for C, differ in the two comparisons because the 


outputs and central volumes used in the experi- 
ments with chambers C, and C, were not iden- 
tical so that the averages they make with the 


-nt is r; r? is the p 


Output 
—0.91 

0.20 

og. output 

>and 1 


values obtained from the experiments with cham- 
ber C, differ slightly. The adjusted group means 
showed statistically significant differences for all 
except slope and variance, although the actual 


differences were small (e.g., adjusted mean curve 
times varied from 14.2 to 14.8 seconds) and were 
not apparent from careful inspection of the in- 
dividual curves. 


rhe multiple correl: 


B. Rigid model, valvular incompetence 


In all these experiments (the basic data of 
which is available in supplementary tables) the 
amount of regurgitant flow and its ratio to the 


Parameter or ratio 
nstant, 133.2. 


MTT) 


total flow were approximately constant. In each 
group the forward output varied from 1.5 to 1.9 
L. per minute; the backflow varied from 65 to 


* The correlation coefficient between each parameter and the output is riz, and between each parameter at 


coefficient between each parameter and the output when the central volume i 


€ of 
be attributed to the effects of output and central vo 


Slope (S) 

Appearance time (AT) 

Mean time of curve (MTT) 

Ratio duration/mean time of curve 
Log. variance 

Log. ratio (PT/AT) 

output is « 
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TABLE II 


Effect of stroke and residual volume in rigid systems without regurgitation. Comparisons of adjusted means * 








Stroke volume (ml.)...... 
Residual volume (ml.).. . 


Variance 
20 ratio 
45 J 


20 
0 


Estimate of 
significancet 





0.1011 
10.7 
14. 


Appearance time (AT) 
Mean time of curve (MTT) 
Duration (PT) 

Variance (s?) 

PT/AT 

PT/MTT 


volume to allow statistical comparisons between them. 


* The means of each of the parameters and ratios were adjusted mathematically to the 


0.1008 
10.0 

14.3 

42.6 
106.9 

4.30 
2.98 : 


1.68 
24.10 
5.00 
o.20 
90 

8 


~ 
/ 


0.3>p>0.1 
0.0005 > p 
0.025 >p>0.01 
0.025>p>0.01 
0.3>p>0.1 
0.0005 > p 
0.0005 >p 


0.0974 
10.1 
14.6 


J 
La 


same output and central 


t The estimate of significance gives the probability that all four means came from the same population, 7.e., were 


not affected by changes in stroke and residual volumes. 


There are small but significant changes in each parameter 


(and ratio) except slope and variance, and even these showed trends toward change. 


80 per cent of the forward output and the central 
volume ranged from 660 to 736 ml. It was 
therefore possible to determine if the effect of 
valvular incompetence in changing the curve par- 
ameters was dependent on alterations of the cham- 
ber proximal to the incompetent valve. Regres- 
sion equations relating each parameter or ratio 
to output and central volume were calculated for 
each type of proximal chamber (sphere with en- 
trance and exit at 90° to each other—C,; sphere 
with entrance and exit at 180° to each other— 


C,; tube—C,) and statistical comparisons were 
made between these regression equations from C, 
and C, and from C, and C,. 
shown between the slopes of the regression planes 
of any of the parameters or ratios except PT/ 
MTT (0.05 > p> 0.03) and this only in the 
comparison of C, and C,. There were, however, 
significant differences between the adjusted 
means of some of the parameters and ratios 
(Table III). 

Curves A, B and C in Figure 2 show dia- 


No differences were 


TABLE III 


Comparison of adjusted means of parameters and ratios from curves made with the rigid model with 





regurgitant flow obtained for proximal chambers C; and C2* 





Parameter Ce 





Variance 
ratio 
F 


Estimate of 
significance 





0.0820 
8.4 
16.5 
49.0 
195.2 
5.86 
2.98 


Slope 
Appearance time (AT) 
Mean time of curve (MTT) 
Duration (PT) 
Variance 
PT/AL 
PT/MTT 


0.05 >p >0.025 
p>0.5 

p>0.5 
0.3>p>0.1 
0.05 >p>0.025 
p>0o0.5 
0.3>p>0.1 


S | 


ess | 


8.5 
16.3 
48.0 

143.3 
5.74 
2.93 


NONWOON | 
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Parameter 


Slope 
Appearance time (AT) 
Mean time of curve (MTT) 
Duration (PT) 
Variance 

Bafa 


PT/MTT 


B. Comparison of adjusted means obtained for proximal chambers C, and 


* 


C3 


Variance 
ratio Estimate of 
. significance 
0.0922 

9.5 


7.91 
7.64 
6.91 
8.92 
13.94 
7.82 
0.06 


0.05 >p>0.025 
0.05 >p>0.025 
0.05 >p >0.025 
0.025>p>0.01 
0.01 >p>0.005 
0.05 >p >0.025 
p>0.5 


13: 
45. 
123. 
83 

3 


* The means of each parameter and ratio have been adjusted to the same central volume and output. The central. 


volume and output used in each part of the table is the ave 


under consideration were used. 
why C; values are not the same in each part of the table. 


This average differs somewhat for C,; vs. C2 as compared with C, vs. 


rage for the observations in which the two proximal chambers 
C; and explains 
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3 10 20 30 40 50 60 
SECONDS 
Fic. 2. Composite D1aGRAM TO DEMONSTRATE THE 
DIFFERENCE PRODUCED BY VALVULAR INSUFFICIENCY IN 
A Ricm Mope 


For explanation see text. 


grammatically the differences between dye dilution 
curves made when there was no valvular incom- 


petence and those made with proximal chambers 


C, and C, when there was backflow. These 
composite curves were constructed from separate 
prediction formulae for each group by adjusting 
statistically to a constant output of 1.68 L. per 
minute and central volume of 700 ml. the means 
of the slopes (S), appearance times (AT) and 
the times taken for the dye concentrations to fall 
to 0.1 mg. per L. (PT). In each composite 
curve the maximum dye concentration and time at 
which it occurred is approximate so that the 
portion of each curve from its appearance to the 
beginning of the straight line downslope is hy- 
pothetical. Curve A was derived from 21 curves 
made when there was no valvular incompetence, 
curve B was derived from six curves made with 
the small proximal chamber C, when the back- 
flow averaged 75 per cent of the forward flow, 
and curve C was derived from six curves made 
with the large proximal chamber C, when the 
backflow averaged 73 per cent of the forward 
flow. In all the stroke volume was 42 ml.; the 
residual volume was 0 ml. in half the experi- 
ments done in each group and 45 ml. in the other 
half. 


Valvular incompetence has made the appear- 
ance time shorter, the duration of the curve 
longer, the maximum dye concentration less and 
the slope smaller. All of these changes were 
less marked for small proximal chamber C, 
(curve B) than for the large proximal chamber 
C, (curve C), and despite the relatively large 
backflows neither composite curve differs greatly 
from the normal. 

The mean circulation time is the sum of the 
appearance time and the mean time of the curve, 
both of which may change when there is valvular 
incompetence. To see if this affected the calcu- 
lated central volume, analyses were made of dye 
dilution curves obtained with and without valvu- 
lar incompetence but with no change in the phys- 
ical volume of the model. The calculated cen- 
tral volume in these experiments was unchanged 
by valvular incompetence, but the distortion of 
the curves was small (Figure 2) ; it was therefore 
possible for the shortened appearance time to 
balance the longer mean time of the curve. With 
more marked curve distortion this may not occur 
since the mean time of the curve can be greatly 
prolonged and it is difficult to see how the ap- 
pearance time could shorten enough to compen- 
sate for this. 


C. Elastic model, valvular incompetence 


Table IV gives the statistics for dye dilution 
curves made with and without valvular incom- 
petence and with small and large elastic proximal 
chambers. In all experiments the stroke volume 
was 42 ml. and there was no residual volume 
in the pump. When the valves were competent 
the dye dilution curves were similar to, though 
perhaps slightly less prolonged than, those ob- 
tained from the rigid model at similar outputs and 
central volumes; two few experiments were done 
with the elastic proximal chamber to test this 
difference rigorously. 

The magnitude of the change in the parameters 
of the dye dilution curves when valvular incom- 
petence was introduced was related to the size 
of the proximal elastic chamber. In Experi- 
ments A and B, illustrated in Figure 3 and 
marked in Table IV, the forward output and 
central volume were the same, the regurgitant 
flow was 2.99 L. per minute in A and 2.40 L. 
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TABLE IV 


Effect of valvular incompetence and an elastic chamber on dye curves 








Size of 
proximal 
chamber* 


Central 
volume 


Back- 
flow 


Forward 


Ow Rate/min. Slope 


Mean 
time of 
curve 


MTT) 


Appear 
ance 
time 

(AT) 


Duration 
I 


Variance PT/AT 





ml. 
748 
759 
768 
786 

1,282 


L./min, L./min. 
2.18 
1.56 
1.80 
1.86 
1.58 


0.1425 
0.0974 
0.1097 
0.1167 
0.0403 


0.0903 
0.0552 
0.0737 


2.99 
2.40 
1.78 


850 
847 
919 


108 
94 
80 


1.55 
1.55 
1.58 


Sec. 


os) 


52.3 
110.1 


foe rar aren 
HH DODO Go 
conce 
Sin WwW 
Sreorwue 
Ww oun 


_ 
so 
=) 
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196.9 


*S designates small proximal chamber; L, large proximal chamber (capacity about 400 to 500 ml.). Changes in 
volume of the proximal chamber, with no change in forward output and central volume, have allowed regurgitation to 


produce gross alterations in curve parameters and ratios. 


rhe introduction of an elastic system has made changes, 


previously detected only by mathematical analysis, obvious. 


per minute in B, and the proximal elastic chamber 
was 235 ml. smaller in A than in B. Despite the 
smaller regurgitant flow in B, the alterations of 
and ratios much 


its curve were 


greater than those in A. 


parameters 


DISCUSSION 

It has been recognized since 1932 (3) that the 
downslope of indicator dilution curves (made 
without regurgitant flow) was determined largely 
by output and central volume. This was con- 
firmed by statistical analyses of data obtained 
from a circulation model and man by Korner 
and Shillingford (5, 6), who also demonstrated 
that other (variance, mean 
time of the curve) were similarly determined and 
could be predicted for any output and central 
volume. 

In the present study changes in stroke and 


curve parameters 


residual volume were also shown to have signifi- 
cant effects on the parameters of dye dilution 
curves. These effects were, however, small (ac- 
counting for less than 20 per cent of the total 
variation, Tables I and II), in spite of the fact 
that the groups compared ranged from those in 
which the pump emptied completely or almost 
completely at each stroke to those in which the 
residual volume was more than double the stroke 
volume. These findings do not confirm § the 
theory of Comét and Lagerlof (16) that the 
downslope of the indicator-dilution curve is deter- 
mined by the left ventricular stroke and residual 
volume and that this relationship can be used to 


calculate the residual volume of the left ventricle. 
An exponential washout slope dependent on the 
residual volume 


a be 
stroke + residual volume 


ratio would indeed 


expected if the indicator were injected into the 
the left 
ventricular blood and sampled just above the 


left ventricle, mixed completely with 
aortic valve; experimental evidence for this has 
been presented by Holt (17). Ii, 
indicator is injected or sampled far from the 


however, the 


ventricle (and it was for this type of curve that 
Comet mathematical 
analysis) the relationships between stroke vol- 


and Lagerlof made their 
ume, residual volume and the slope are obscured 


by the washout slope imposed by the additional 
BA 


Exe A Exe B 
FORWARD 1.55L/MIN- 1.55L/MIN 
BACKWARD 2.99L/MIN 240L/MIN 
VOLUME 850 ML 847 ML 


10 MG./L. 








60 70 80 
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TABLE V 


Comparison of backflow observed and estimated by three methods of calculation in the rigid model 


Forward 


flow 


Residual 


volume 


mi. L./min. 
Tube C; 0 1.57 
0 1.58 
0 1. 
5 £ 
& 
i. 


Sphere C, 


x 
£ 
i. 
1.6. 
Ay 
EE 


Backflow (L./min.)* 
Calculated 
Ratio of 


slopes 


Ratio of 
variances 


Predicted 


Observed from slope 


0.07 
0.01 
—0.06 
0.24 
0.02 
0.17 


0.12 
0.07 
—0.07 
0.34 
-0.08 
0.20 


0.06 
0.01 
—0.05 
0.15 
0.01 
0.13 


0.23 
0.36 
0.32 
0.35 
0.44 
0.41 


0.10 
0.17 
0.16 
0.24 
0.30 
0.27 


0.08 
0.12 
0.13 
0.17 
0.20 
0.20 


* Comparison of observed and calculated backflow shows how far off from the actual backflow the calculated amount 
may be; the amount of error bears little relation to the method used 


central volume. The corollary of this, namely 
that despite a constant left ventricular stroke and 
residual volume the downslope changes as the 
central volume changes, was shown by Hetzel, 
Swan and Wood (18). They injected dye suc- 
cessively at different sites (pulmonary artery, 
atrium, superior vena cava and _ brachial 
and found that the curve became lower and 
as the site of injection moved peripherally. 


right 
vein ) 
wider 
Since cardiac output and rate varied little be- 
tween successive injections and since residual 
ventricular volume was not likely to have altered 
much, the changes of slope were therefore related 
to differences of central volume and independent 
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Fic. 4. 


of stroke and residual volume. 
left ventricular stroke and residual volume prob- 
ably have little effect on the parameters of indicator 
dilution curves, although if the central volume is 
small relative to the stroke and residual volume, 
€.g., with injection into the left atrium or left 
ventricle, it may not be safe to assume that curve 


Thus, in practice 


parameters are related only to output and cen- 
tral volume. 

With valvular regurgitatic: 
have been found in curve parameters when, with 
similar amounts of backflow, the type of proximal 
chamber has been altered; these differences were 
present even when allowance was made for varia- 


varying changes 








BACKFLOW L/MIN: METHOD NQ3 


as. 8 + ff + FF 2S 
BACKFLOW L/MIN.: METHOD NO.1 


COMPARISONS OF BACKFLOWS ESTIMATED BY DIFFERENT METHODS 


Method 1: From observed slope reciprocal (5). 
of predicted to observed variances (6). 
to observed slope reciprocals (8, 19). 


Method 3: 


Method 2: From ratio 
From ratio of predicted 





INDICATOR DILUTION 


tion in output and central volume (Tables III and 
IV). As a result the estimates of backflow by 
existing methods of calculation (5, 6, 8, 10) 
varied with the type of proximal chamber, and 
comparisons between the backflows observed and 
calculated by three methods are given in Table 
V. Not only do these estimates differ in rigid 
systems for the different types of proximal cham- 
ber and perhaps for different residual volumes, 
but they all greatly underestimate the actual back- 
flow. In addition the three methods do not give 
similar estimates of the same backflow (Figure 
4). 

In the absence of a sufficiently large series 
of experiments done without valvular incompe- 
tence and with an elastic proximal chamber it was 
not possible to make a regression equation for 
predicting curve parameters from output and cen- 
tral volume. It is possible, however, to set limits 
for these parameters. In Experiment A (Table 
IV) the upper and lower limits of the slope pre- 
dicted without backflow are 0.0974 (found in 
Experiment C for the same output but a smaller 
central volume) and 0.0903 (found in Experi- 
ment A itself with 2.99 L. per minute backflow) ; 
corresponding limits of the predicted curve vari- 
ance can be determined so that the upper and 
lower limits of the ratios of predicted and ob- 
served slopes and variances can be calculated, 
and backflows can be estimated (5, 6, 8,10). The 
backflow of 2.99 L. per minute in Experiment 
A is estimated from the ratio of slopes as 0 to 
0.12 L. per minute and from the ratio of variances 
as 0 to 0.38 L. per minute; in Experiment B the 
backflow of 2.40 L. per minute is estimated as 0.98 
to 1.18 L. per minute from the ratio of the slopes 
and 2.23 to 3.16 L. per minute from the ratio of 
the variances. It is important to note that esti- 
mates by these two methods differ greatly, that 
the actual backflow in Experiment A was grossly 
underestimated by both methods, and that an in- 
crease of 235 ml. in the proximal elastic chamber 
has increased the estimated backflow by about 1 L. 
per minute (slope method) or by about 2 to 3 L. 
per minute (variance method), even though the 
actual backflow An equivalent 
increase in the volume of the proximal chamber in 


had decreased. 


the rigid model changed the estimated backflow by 
about 20 to 40 ml. (Table V), a relatively small 
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amount even allowing for the smaller backflow in 
these experiments. 

These observations may best be explained by 
the hypothesis that most of the changes in the 
parameters of the curves are due not only to 
the amount of backflow but also to the dilu- 
tion of the regurgitated dye. The 
which dilution occurs may depend upon the vol- 
ume and shape of the proximal chamber; its 


extent to 


elasticity; the force, shape and direction of the 
regurgitant jet; and swirling and streaming of 
fluid within the proximal chamber. If the re- 
gurgitated dye mixes poorly with the fluid in the 
proximal chamber, e.g., in the rigid model with the 
small proximal chamber, it will be little diluted 
and will rapidly be washed into and out of the 
pump, so that little distortion of the curve will 
result. If, on the other hand, the regurgitated 


dye mixes well with a large volume of fluid in the 
y g 


proximal chamber, ¢.g., in the model with the 
large elastic chamber, it will be greatly diluted, its 
washout will consequently be prolonged and the 
curve will be greatly distorted. The more the 
dilution of a given amount of regurgitant dye 
the lower will be the maximum and mean con- 
Differ- 


may have been 


centrations of dye at the sampling site. 
ences between chambers C, and C, 
due to streaming, for it has been shown that the 
positions of the entrance to and exit from a 
sphere influence the passage of dye through it 
(19). 

This hypothesis has important implications in 
man, for valvular disease may be associated with 
great alterations in size, shape and elasticity of 
the atria and ventricles, and in the force, shape 
and direction of the regurgitant jet. For example, 
since the residual blood in the left 
ventricle in aortic incompetence is probably less 
than that in the right atrium for an equal amount 
of tricuspid incompetence, the dilution of regur 


volume of 


gitated dye may be less with the aortic lesion and 
so produce less alteration of the curve parameters. 
In disease of the mitral valve, too, great variation 
of left atrial size is well known, calcification of the 
wall may decrease elasticity and thrombi may 
influence mixing. Examples of inadequate mixing 
of dye and blood in the left atrium have been 
cited by Woodward, Wood (20). 


Though it has not been determined how these 


Swan and 


changes influence curve parameters it is possible 
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that they may cause the parameters to vary in- 
dependently of the amount of backflow and so 
make difficult its assessment. Finally, in experi- 
mental procedures (e.g., rest, exercise, digitaliza- 
tion) it may be difficult to assess not only the 
amount of backflow but even whether it increases 
or decreases, for once again the differences pro- 
duced in the curve parameters may be due to 
changes in the dilution of the regurgitated dye 
as well as to its amount. 

Parameters and ratios from indicator dilution 
curves have also been compared with assessments 
of mitral incompetence made by routine clinical 
and laboratory methods, and have been found to 
alter as the severity of mitral incompetence in- 
creased (7, 9). These methods do not attempt 
to estimate absolute amounts of backflow, but are 
necessarily limited in their value by the accuracy 
of the criteria used to define the severity of the 
mitral insufficiency and the extent to which the 
parameters and ratios used are altered by vari- 
ables other than the amount of regurgitation. 

This study has thus shown that several factors 
other than output, central volume and the amount 
of backflow may influence the parameters of indi- 
cator dilution curves. If the only major vari- 
ables in a model are forward output, central vol- 
ume and backflow, it will be possible to construct 
formulae for relating these to the curve param- 
eters and thus, knowing forward output and cen- 
tral volume, to estimate the amount of backflow. 
This estimate would not necessarily be correct 
in different models with additional variables, al- 
though if these could be measured it should be 
possible to construct formulae which take them 


also into account. It is difficult to be sure that 


any model successfully reproduces all the vari- 
ables found in the human, and therefore the ex- 
tension of formulae derived from any model to 
calculate the backflow in man should be validated 
by independent estimates of that backflow in man 


himself. 


SUMMARY 


Dye dilution curves were made in a circula- 


tion model in which the amount of forward 


output and of backward flow through an incompe- 
tent valve could be measured directly in a cali- 
brated flask. When were compe- 


the valves 


AND GEORGE G. 
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tent, all the curve parameters examined (slope, 
variance, duration, appearance time and mean 
time of the curve) were markedly dependent on 
output and central volume. When the stroke 
volume of the pump was changed from 20 to 42 
ml. and its residual volume from 0 to 45 ml. 
there were slight changes of these parameters as 
well as of the ratios of the curve duration to 1) 
the appearance time and 2) the mean time of the 
curve; these changes were statistically signifi- 
cant for all but slope and variance, and both of these 
showed trends towards change. It is probable 
that the changes were small because the central 
volume was large relative to the stroke and 
residual volume. 

When a valve was incompetent changes were 
made in the size, shape and elasticity of the 
proximal chamber entered by the regurgitant jet, 
and the alterations produced in the curve param- 
eters and ratios by similar amounts of backflow 
With a 
narrow and rigid proximal chamber there was 
little distortion of the curve despite a relatively 
large backflow, whereas with a large elastic prox- 
imal chamber gross distortion of the curve oc- 
curred. Although the type of change in the curve 
was that described by Korner and Shillingford 
(5, 6) («e., earlier appearance time, lower and 


depended in part on these changes. 


longer curve), backflow estimated in our model 
by their formulae could differ greatly from the 
measured backflow and varied with the type of 
proximal chamber. 

The hypothesis is made that the distortion of 
the indicator dilution curve produced by backflow 
is due to the dilution and subsequent washout of 
the regurgitated indicator and that this depends 
not only on the amount of backflow but also on the 
nature of the regurgitant jet and the chamber 
which it enters. 
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Recent interest in serum enzyme activity in 
pathological conditions has led to renewed curi- 
osity concerning the source of the enzymes pres- 
ent in serum under Since 
hlood platelets contain acid phosphatase (1-8), 
it seemed possible that they might liberate this 
enzyme during blood coagulation. This 
investigated by comparing the acid 
activity of serum prepared from 
Prelimi- 


normal conditions. 


pos- 
sibility was 
phosphatase 
platelet-rich 
nary studies suggested that the platelets contribute 
virtually all of the activity of normal serum 
against f-glycerophosphate at acid pH (9). 
The present investigation was carried out using 
p-nitrophenylphosphate as substrate. 


and platelet-poor plasmas. 


METHODS 


Acid phosphatase activity was measured using p-nitro- 
phenylphosphate1 as substrate (10-12). This method 
gave highly reproducible values; for example, nine out 
of 10 determinations on a sample of fresh serum were 
0.39 «M per ml. per hour and the tenth was 0.41. 

The subjects were either healthy young adults or, in 
a few instances, patients with metastatic carcinoma of the 
prostate.2 To avoid the use of anticoagulants, native 
platelet-rich and platelet-poor plasmas were prepared by 
centrifugation of blood drawn in chilled siliconed syringes 
and cooled in an ice bath in siliconed tubes. Most of the 
red and white cells were sedimented by centrifuging for 
five to 10 minutes at about 1,000 rpm. Two ml. of the 
supernatant platelet-rich plasma was set aside in an ice 
bath and a platelet count taken. The remainder of the 
native blood and platelet-rich plasma was centrifuged in 
a multispeed attachment at about 10,000 rpm for 10 min- 
utes to obtain platelet-poor plasma. About 1 ml. of each 
plasma was then placed in each of two glass tubes. One 
pair of plasmas was incubated at 37° C. and a second pair 
was placed at room temperature for one hour. The plate- 
let-rich samples always clotted, but the platelet-poor sam- 
ples often contained only traces of fibrin. Since spon- 
taneous retraction did not usually occur, the clots were 


* Supported by grants from the American Heart Associ- 
ation and the United States Army (DA-49-007-MD-673). 

1 Sigma Chemical Co., St. Louis, Mo. 

2 We are grateful to Dr. Waleed Maloof for selecting 
these patients. 


removed with an applicator stick at the end of incubation, 
and acid phosphatase activity was measured. These 
samples are designated as “serum from _ platelet-rich 
plasma” and “serum from platelet-poor plasma.” 

The time course of acid phosphatase liberation was 
studied by placing 0.4 ml. of native platelet-rich plasma 
in each of a series of new glass tubes (rinsed with distilled 
water and oven-dried) at 37° C. and, at intervals, re- 
moving the platelets. In the samples which had not yet 
clotted, this was accomplished by brief high-speed centri- 
fugation and the fibrin which formed subsequently in the 
platelet-poor plasma was removed with an applicator 
stick. In the samples which had clotted, the clot and en- 
trapped platelets were removed together. 

To determine whether anticoagulants inhibited enzyme 
activity, one-fifth volume of 0.1 M sodium oxalate, 0.11 
M sodium citrate, or 0.027 M (1 per cent) disodium 
ethylenediaminetetraacetate in saline (EDTA) was added 
to serum separated from native platelet-rich plasma or 
from whole blood. To study the effect of the anticoagu- 
lants on the color of nitrophenol, saline was used instead 
of serum. The activity of whole platelets was tested by 
comparing the acid phosphatase activity of platelet-rich 
and platelet-poor plasmas separated from blood in which 
clotting was prevented by the addition of one-ninth vol- 
ume of anticoagulant. Other studies were made on 
washed platelets, obtained by differential centrifugation 
of blood collected in EDTA and washed three times with 
isotonic saline at 4° C. in a multispeed attachment. A 
platelet count of about 500,000 per cu. mm. on the saline 
platelet suspension was appropriate for the measurement 
of nitrophenylphosphatase activity when 0.2 ml. of suspen- 
sion was used. All platelet counts were done with a 
phase microscope (13). 


RESULTS 


In contrast to the results with 8-glycerophos- 
phate (9), substantial activity was found in the 
serum from native platelet-poor plasma (Table 
I). Identical values were obtained whether the 
platelet-poor plasma was allowed to incubate at 
37° C. or at room temperature, indicating that the 
enzyme in this serum was not very heat labile. 
As found with glycerophosphate, serum prepared 
from native platelet-rich plasma had higher ac- 
tivity than that prepared from platelet-poor plasma. 
The liberation of platelet acid phosphatase was 
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TABLE I 


Acid ini atiaiadamiel anes of serum obtained _— blood treated in various ways 





Native platelet-poor 
plasma 


Subject,* 
sex 37° 





uM/ml./hr. 

0.05 
0.19 
0.47 
0.51 
0.44 
0.36 


0.23 
0.42 
0.46 
0.48 
0.42 


Patients with prostate carcinoma 
6A 0. 


6B 0 
7A oS 


0.65 1.46 
0.79 2.48 


Whole 
blood * 


Mimi. fir. 
0.34 
0.65 


0.55 
0.50 


Native platelet-rich 
plasma 


37° ~ 23° 


Platelet 
contributiont 
37° 


litle te: M108 plotelets| hr. 
0.27 

0.45 2.30 

0.47 1.00 

0.59 0.91 

0.58 0.55 

0.55 1.02 


0.96 
0.69 
0.82 
0.88 
0.91 


0.76 
0.74 
1.71 





* Each number designates a different subject. 





t 


consistently greater allowed to 
clot at 37° C. those clotted at room 
temperature. The amount of phosphatase con- 
tributed by the platelets was calculated by sub- 
tracting the activity of serum from platelet-poor 
plasma from the activity of serum from platelet- 


rich plasma clotted at 37° C. and dividing the 


in the samples 
than in 


1.50 
1.30 
1.10 
0.90 
0.70 


M/mi/hr 
9° 
3 


Each letter indicates a different blood sample. 
uM/ml./hr. in serum from platelet-rich plasma — »M/ml./hr. in serum from platelet-poor plasma 


~~ Platelet count in platelet-rich plasma i in 10°/ml. 


difference by the platelet count in 10° per ml. 
It ranged from 0.55 to 2.37 »M nitrophenol per 
10° platelets per hour. 

The time course of phosphatase liberation is 
shown in Figure 1. did not 
usually occur, the values on the curve were de- 
termined on serum expressed from the clot with 


Since retraction 
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PHOSPHATASE ACTIVITY 
eo °° Oo ¢s 
ao & & § 
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ae 3 





30 
MINUTES 


Fic. 1. 


AT VARIOUS INTERVALS FROM NATIVE PLATELET-RICH PLASMA OF 


NorRMAL SUBJECTS 


60 60 
NOT 
COMPRESSED 


Acip NITROPHENYLPHOSPHATASE ACTIVITY OF SERUM SEPARATED 


Four 


Time of clotting is indicated by the arrow. 
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TABLE II 
Acid eee activity of — rich and adatom -poor anne sma from citrated, EDTA and oxalated blood 








Citrated 
Platelet- 
poor 

plasma* 





Time 

after 

vene 
puncture 


Platelet- 
contri 
bution 


Platelet- 
rich 
plasma 


Tempera- 


Subject ture 


uM /mi./ 
hr. 

J 0.22 

By 0.31 

5 0.38 


uM/109/ 
hr. 


hrs. nF uM /ml. 
hr. 
1.10 
1.26 
0.34 


0.43 
(0.39) 
(0.39) 

0.34 


1.06 
0.91 
0.15t 
0.20 


0.80 
10 min 0.74 
6t 0.47t 
10 min 0.45 
10 min. 


EDTA Oxalated 





Platelet- 
contri- 
bution 


Platelet- 
poor 
plasma* 


Platelet- 
rich 
plasma 


Platelet- 
contri- 
bution 


Platelet- 
poor 
plasma* 


Platelet- 
rich 
plasma 


uM /ml.{ wM/10*/ 
hr. hr. 


uM /ml./ 
hr. 


uM mt Mm | “aM 10" 
0.89 1.11 0.29 
3.24 0.73 0.45 
0.34 0.59 (0.45) 
1.83 
2.05 


0.33 
0.43 
(0.43) 
(0.43) 
(0.39) 
(0.39) 0.15t 
0.32 0.46 
0.26 0.49 


0.67 
2.63 
0.66 
1.37 
1.19 
0.45t 
0.50 
0.45 





* Values in parentheses represent activity of serum from lenin -poor plasma. 


+ Time after first determination. 


t Values after freezing once were 2.42, 5.36, 3.41 and 7.82 uM/ml./hr., 


an applicator stick. No liberation of phosphatase 
was evident immediately after clotting had oc- 
curred (indicated by the arrow) but the serum 
activity increased progressively thereafter. In 
samples in which the clot was freed from the wall 
of the tube, allowed to retract, and removed with- 
out compression, serum phosphatase activity even 
at one hour showed little increase over the value 
obtained when the platelets were removed prior 
to clotting. 

The activity of ordinary serum, separated by 
centrifugation from whole blood allowed to re- 
temperature for one hour, was 


main at room 


respectively. 


usually only slightly higher (4 to 32 per cent) 
than that of serum from platelet-poor plasma 
(Table I). Activity was slightly or not at all 
increased by shaking the blood with glass beads 
during clotting. 

The nitrophenylphosphatase activities of plate- 
let-poor plasma from citrated, EDTA or oxalated 
plasma (Table II) showed no significant dif- 
ferences from each other or from serum pre- 
pared from native platelet-poor plasma from the 
same subject (Table I). Addition of citrate or 
EDTA to serum had no effect on acid nitro- 
phenylphosphatase activity in two experiments ; 


TABLE III 


Acid nitrophenyl phos phatase activity (uM/10° platelets/hr.) of washed platelets treated in various ways 


0.45% 


0.9% 0.9% 
NaCl, NaCl, 
Subject unfrozen frozen 


1A 3.18 
2A 1.86 
3A 1.52 
4A 6.54 
5A 1.53 
2B = 
2C 2.48 
2D 3.66 


9.31 
14.40 
9.58 
12.90 


Patients with prostate carcinoma 
6B 5.09 
7A 5.63 
7B 3:22 


10.30 


natant 


Viscous 


NaCl, 
metamorphosis 


froze n 
Platelet-poor 
plasma,* Super- 
r < natant 


0.10 
0.06 


0.46t  1.98t 


1.47§ 








* Activity of serum ‘Seen platelet-poor plasma subtracted from that of serum obtained after oldies platelets, then 


divided by number of platelets. 
1.00 when incubated at room temperature. 


{ Values were 0.40 and 2.26, respectively, when incubated at 37° C. rather than at room temperature. 
§ Activity of entire sample, not separated into supernatant and sediment. 
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oxalate decreased the activity 18 per cent in a 
normal male subject but had no effect in a fe- 
male subject. None of the anticoagulants af- 
fected the color developed by nitrophenol itself. 
The activity of platelet-rich plasma was always 
higher than that of platelet-poor plasma (Table 
II) but it varied in an unpredictable manner. 
For example, in Samples 3A and 2B, EDTA 
platelet-rich plasma had much more activity than 
citrated platelet-rich plasma, but this high ac- 
tivity disappeared after three to six hours at 
4° C, 
one of the same donors, this difference between 
citrated and EDTA samples was not evident 


However, in another experiment, 2C, on 


even when the determinations were made very 
promptly on chilled blood. 
ability, the calculated activity per 10° platelets 


Because of this vari- 


in platelet-rich plasma was sometimes lower and 
sometimes higher than it was in serum from 
native platelet-rich plasma. 

Even after 30 minute incubation of platelet- 
rich plasma in the buffered substrate, the plate- 
lets appeared morphologically intact, with proc- 
esses but no balloons or vesicles. Thus, unless 
some of the platelet enzyme had leaked out of the 
platelets despite their morphologic integrity, un- 
ruptured, unwashed platelets can hydrolyze nitro- 
phenylphosphate. When platelet-rich plasma was 
frozen and thawed once, the activity was higher 
than that of an unfrozen sample (Table II, foot- 
note). 

Acid nitrophenylphosphatase activity was de- 
termined on washed saline-suspended platelets 
treated in various ways. 
in Table III. 
platelets had higher acid phosphatase activity than 
suspensions of platelets had been 
separated or washed (1.e., platelets in platelet-rich 
plasma), and an increase of several-fold was 
observed after freezing and thawing the saline 
suspension once. The platelets were separated 
into supernatant and sediment by centrifuging 
for five minutes at 2,000 rpm after they had 
been frozen and thawed in 0.45 per cent saline. 
The sediment was resuspended in the original 
volume of saline. The activity of the supernat- 
ant and sediment was somewhat less than that of 
platelets frozen in isotonic saline, whether it 
was determined by adding the values for super- 
natant and sediment or by measuring the activity 


The results are shown 
Suspensions of washed unfrozen 


which not 
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without separating the two fractions (Experiment 
2D). The activity of the supernatant was _ be- 
tween 9 and 32 per cent of the total activity and 
was approximately equal to the activity contrib- 
uted by the platelets to serum from platelet-rich 
plasma. 
Release of acid activity from 
washed platelets during clotting was _ studied 
by adding them to native platelet-poor plasma 


phosphatase 


which was allowed to incubate for 60 minutes at 
o7- 4G, 

platelets. 
tical with that liberated from unwashed plate- 


before removing the clot and entrapped 
The activity liberated was almost iden- 


lets during the clotting of native platelet-rich 
plasma (cf. Table 1). 
the platelets did not affect the amount of phos- 


In other words, washing 
phatase liberated during clotting at 37° C. How- 
ever, washing did facilitate phosphatase libera- 
tion at room temperature; when washed platelets 
were used, the same amount of phosphatase was 
liberated whether clotting took place at room 
temperature or at 37° C., whereas a much smaller 
amount was liberated from native platelet-rich 
plasma when it was clotted at room temperature 
rather than at 37° C. 

Studies were also carried out on platelets which 
had undergone (14) 
(Table III). To five volumes of platelets sus- 
pended in saline were added three volumes of 
tris-maleate buffer (pH 7.4) and two volumes 
ml.) 


viscous metamorphosis 


of human thrombin (about 5. units 


(15). 


ture 


per 

After a few minutes at room tempera- 
with occasional agitation, the platelets 
clumped, and soon thereafter, the platelets in 
the clumps fused together. After 60 minutes, 
the samples were separated into supernatant and 
sediment and the sediment was resuspended in 
saline. The activity of the supernatant was much 
less than either the activity of the supernatant ob- 
tained after freezing the platelets in hypotonic 
saline or the activity contributed to the serum by 
the platelets during clotting. The activity of the 
sediment that of 
platelets, and often less than that of unfrozen 


was much less than frozen 
washed platelets, perhaps because the platelets 
in the resuspended sediment were clumped. 

Two patients with metastatic carcinoma of the 


prostate gland were studied who had elevated 


acid phosphatase values as determined on ordi- 


nary serum (Table I). The levels in serum 





152 MARJORIE B. ZUCKER 
from platelet-poor plasma maintained at room 
temperature were above the maximum level which 
we observed in normal individuals (0.51 »M per 
ml. per hour). Thus, the prostate enzyme is 
not bound to platelets but is presumably in the 
plasma. The values for serum from platelet-poor 
plasma incubated at 37° C. were lower than those 
on serum from the same plasma incubated at 
room temperature, demonstrating the well-known 
heat lability of the prostate enzyme in serum (16, 
17). Values for serum from platelet-rich plasma 
incubated at 23° C. were only slightly higher than 
those for serum from platelet-poor plasma, since 
liberation of the enzyme from the platelets is 
minimal at this temperature. Liberation of the 
platelet activity at 37° C. could not be quantified 
because of the destruction of the prostate enzyme 
at this temperature. The activity of acid phos- 
phatase in washed whole platelets from two pa- 
tients with elevated prostatic serum phosphatase 
levels was not abnormal (Table III). 

Studies with inhibitors were carried 
frozen saline-suspended platelets of normal Sub- 
ject 2 and Patient 6B with carcinoma of the pros- 
tate gland. w-Tartrate (18) produced 14 and 7 
per cent inhibition, and formaldehyde (18) caused 
81 and 76 per cent inhibition, respectively. Mag- 
nesium (0.01 M) inhibited the normal platelets 
14 per cent. 


out on 


DISCUSSION 


Preliminary studies (9) indicated that virtu- 
ally no activity against @-glycerophosphate was 
found in serum prepared from _platelet-poor 
plasma, whereas values up to 0.49 Bodansky units 
(mg. P per 100 ml. per hour) were found in se- 
rum from platelet-rich plasma. These data sug- 
gested that the platelets are the major source of 


normal serum acid glycerophosphatase activity. 
When p-nitrophenylphosphate was used, serum 
from native platelet-poor plasma had some ac- 
tivity, indicating that the platelets were not the 
only source of serum activity against this sub- 


strate. However, greater activity was always ob- 
served in serum from platelet-rich plasma, espe- 
cially after incubation for one hour at 37° C. In 
such serum, between 39 and 76 per cent of the 
activity was derived from the platelets. In ordi- 
nary serum, separated from whole blood centri- 
fuged after remaining for one hour at room 
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temperature, less than 32 per cent of the activity 
was attributable to the platelets. 

Acid glycerophosphatase activity been 
previously described in rabbit (1), horse (2), 
calf (3) and human (4, 7) platelets. Platelet 
acid phosphatase was unaltered during menstrua- 
tion (4), but reduced in subjects with hepatic 
cirrhosis (5) or receiving dicumarol (6). Our 
results and those of Morita and Asada (8) indi- 
cate that human platelets are able to hydrolyze 
nitrophenylphosphate as_ well glycerophos- 
phate. The range of values for both frozen and 
unfrozen platelets of normal subjects is quite 
wide. 

Platelet acid nitrophenylphosphatase is inhibited 
to a considerable degree by formaldehyde, but 
very little by L-tartrate or magnesium. In these 
respects, it behaves like the enzyme in normal se- 
rum (18, 19). Others have shown that L-tar- 
trate inhibits acid phosphatase from prostate, 
liver and spleen, but not the normal serum en- 
zyme (18). Formaldehyde partially inhibits the 
enzyme in serum and in several tissues, but com- 
pletely inhibits the enzymes in red blood cells 
(18). Magnesium has little effect on acid phos- 
phatase from most sources but may activate one 
of the enzymes in the red cells (19). 

Investigation of factors controlling liberation of 
platelet acid phosphatase and perhaps other plate- 
let enzymes (9) may shed light upon platelet 
function. Less than 25 per cent of the total plate- 
let nitrophenylphosphatase activity is liberated 
into the serum when native platelet-rich plasma 
clots at 37° C. and the clot is compressed one 
hour later. Over two-thirds of the platelet ac- 
tivity against nitrophenylphosphate is insoluble and 
remains in the sediment after freezing the plate- 
lets in a hypotonic medium. The activity liber- 
ated during clotting is equal to between 23 and 
94 per cent of the activity of the soluble plate- 
Liberation of enzyme from plate- 


has 


as 


let fraction. 
lets occurs progressively during the hour following 
clotting. Both serotonin (20, 21) and potassium 
(22) are also liberated from the platelets during 
clotting, but their release occurs more rapidly 
than that of acid phosphatase. Although throm- 
bin liberates all of the serotonin from washed 
platelets suspended in buffer (21), less phospha- 
tase activity is liberated under these conditions 
than by clotting or freezing. This suggests that 
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viscous metamorphosis produced in this manner 
does not fully reproduce the platelet changes 
which occur after clotting of platelet-rich plasma. 

Even after thorough washing, human platelets 
contain serotonin (21), factor V (accelerator 
globulin) (23) and fibrinogen (24). There is 
good evidence that the former two substances are 
taken up from the environment and bound to the 
platelets (23, 25), and it seems probable that 
platelet fibrinogen is acquired in a similar man- 
ner. Hence, one wonders whether platelet acid 
phosphatase has originated elsewhere and is simply 
carried by platelets. Since acid phosphatase can 
be demonstrated histologically in the cytoplasm 
of megakaryocytes (26), it seems unlikely that 
the circulating platelets take up the enzyme. 

In patients with metastatic carcinoma of the 
prostate gland and elevated serum acid phospha- 


tase, acid nitrophenylphosphatase activity in se- 


rum from platelet-poor plasma was above the nor- 
mal level. Thus, the enzyme was presumably 
present in the circulating plasma. There is no 
evidence that the prostate enzyme becomes bound 
to the platelets. 


SUMMARY 


A significant proportion of serum enzyme ac- 
tivity against p-nitrophenylphosphate at acid pH 
originates from platelets and is liberated during 
clotting. Suspensions of intact washed platelets in 
saline and of unwashed platelets in platelet-rich 
plasma have acid nitrophenylphosphatase activity. 
Greater activity is observed after freezing and 
thawing these suspensions. Some of the factors 
influencing platelet liberation of acid phosphatase 
have been investigated. In patients with elevated 
serum acid phosphatase activity attributable to 
metastatic carcinoma of the prostate, the abnormal 
enzyme is presumably in the circulating plasma, 
since the activity of serum prepared from plate- 
let-poor plasma is elevated, and since platelet acid 
phosphatase activity is normal. 
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The intravenous administration of dextran has 
previously been shown to produce a_ bleeding 
tendency in laboratory animals and in humans. 
Extensive studies concerning the hemostatic de- 
fect have yielded much useful information. Carb- 
one, Furth, Scott and Crosby (1) found that the 
major abnormality consisted of a prolongation of 
the bleeding time. In seven of 11 patients given 
1,500 to 6,500 ml. of dextran intravenously over 
a five day period the bleeding time was prolonged 
over 30 minutes. The concentration of platelets, 
clotting time, fibrinogen level, clot retraction time 
and prothrombin consumption test were not sig- 
nificantly affected by dextran. The prothrombin 
time was slightly abnormal. It appears unlikely 
that this finding explains the hemostatic defect 
because of the inconstancy and mild degree of the 
change. Adelson, Crosby and Roeder (2) found 
that smaller amounts of dextran were required 
to produce a prolonged bleeding time in dogs 
made thrombocytopenic by irradiation than in 
normal dogs. Comparable volumes of gelatin in 
the thrombocytopenic dogs did not prolong the 
bleeding time. Hemodilution, therefore, appears 
to be eliminated as a cause of the defect. These 
results have suggested that the platelet, the vessel 
wall, or both may be affected by dextran. 

Since there is ample indication that the platelet 
is concerned with changes in the bleeding time, 
it seemed pertinent to procure more evidence con- 
cerning the effect of dextran on the platelet. Roth- 
man, Adelson, Schwebel and Langdell (3) have 
shown that C’* labeled dextran is taken up by the 
platelet. In substantiation of this effect Ponder 


* These studies were supported by a contract (DA 49- 
007-MD-736) with the Department of the Army, Office 
of Surgeon General, Research Development Division, and 
by a grant from the Leo N. Levi Memorial Hospital, 
Hot Springs, Ark. 

+ Presented in part before the Southern Section of the 
American Federation for Clinical Research at New Or- 
leans, Jan. 20, 1957. 


noted that the electrophoretic mobility of the 
platelet in saline appeared to be modified by dex- 
tran (4). He pointed out, however, that the 
electrophoretic mobility may be influenced by 
factors that are difficult to control or appraise. 
In the determination of the isoelectric point these 
uncontrolled factors may be 
duced significantly in their importance. 
Microelectrophoresis has been used rather ex- 
tensively to study the red cell and those changes 
in its environment that affect its surface charge 
(5,6). Recently Creger, Tulley and Hansen (7) 
utilized this method to determine the effect of 
hydrocortisone on red cell-antibody union. Re- 
latively few studies of the platelet have been 
carried out by microelectrophoresis. 


eliminated or re- 


Abramson 
(8) found that the horse platelet migrated at a 
rate of 0.45 mw per second per volt per cm. in 
oxalated plasma. The pH was not recorded. The 
true mobility was determined by correcting for the 
electroosmotic effect at the center of the electro- 
phoresis cell. This determination of the true mo- 
bility is accomplished more simply by observing 
the mobility at one of the stationary levels of the 
cell. Our studies include observations on the 
electrophoretic mobility and isoelectric point of 
platelets suspended in various buffer and protein 
solutions and the effect of dextran on these meas- 
urements. 


METHOD 


Blood was obtained from patients without hematologic 
disease and from normal humans. Multiple donors were 
used for the determination of each isoelectric point. 
Blood was drawn using nonwettable equipment. Plate- 
let suspensions were prepared in the following manner: 
1) A silicone-coated needle was inserted into an ante- 
cubital vein after a tourniquet had been applied for no 
more than one minute. The first few drops of blood were 
discarded. 2) Fifteen ml. of blood was then permitted to 
flow down the side of a silicone-coated tube containing 
0.5 ml. of 5 per cent sequestrene. 3) Thirty ml. of blood 
was spun at 5 to 10° C. in a refrigerated (International 


155 





156 s. 


PR-2) centrifuge at 1,000 rpm for 25 minutes. 4) The 
supernatant was aspirated with a plastic dropper and 
placed in a silicone-coated tube. 5) This was then re- 
centrifuged at 2,000 rpm for 25 minutes at 5 to 10° C. 6) 
The plasma was aspirated and the button of platelets was 
resuspended in 0.912 per cent saline. 7) The latter was 
centrifuged at 2,000 rpm and the supernatant aspirated and 
discarded. 8) The button of platelets was washed with 
2 to 3 ml. of suspending solution (chilled) and resus- 
pended in 20 ml. of suspending solution. The suspending 
solution was saline, or a mixture of saline and protein, or 
saline and dextran. The final ionic strength was 0.156. 
It was assumed that the proteins in the various solutions 
did not contribute significantly to the ionic strength. 
The pH of the saline or saline dextran solution was ad- 
justed with citrate and phosphate buffers prepared ac- 
cording to Clark (9). The pH values of the protein 
solutions were adjusted by titration with 0.01 N HCL. 
Hemoglobin solutions were prepared by hemolyzing the 
blood with distilled water and removing the stroma with 
toluene. Human albumin and gamma globulin solutions 
were supplied by courtesy of the American Red Cross. 

Specific conductivity measurements were made using 
General Radio Company Impedance Bridge, Type No. 
650A, a CDA and a CDB Cornell-Dubilier Decade Ca 
pacitor, and a Leeds & Northrup Jones Conductivity Cell, 
Catalog No. 4914. Hopps and Engles (10) have dis- 
cussed problems related to these measurements. Vis- 
cosity measurements were made using Ostwald viscosi- 
meters. A horizontal type Abramson microelectrophore- 
sis apparatus! was used (6). This cell was set in a 
plastic base which in turn was fixed to the stage of a 
phase microscope so that the center of the cell lay under 
the objective lens. One of the oculars contained a grid 
which was calibrated and served as the distance marker. 
The oculars were 20X and the objective was a 20X long 
working distance phase lens. The cell was filled with 
platelet suspension by turning the stopcocks to communi- 
cate with the funnel and waste outlet. All visible air 
bubbles were removed. The stopcocks were turned to 
close the cell and circuit and the current turned on. A 
way switch allowed the current to be reversed 
manually and automatically reversed the current every 
one to three minutes. The cell was calibrated to make 
certain it was of proper shape and dimensions. This was 
accomplished by focusing at the top of the cell and tim- 
ing the movement of platelets in first one and then the 
opposite direction over the measured distance. Usually 
10 to 20 readings yielded a reliable average figure. These 
readings were taken at several levels from the top to the 
bottom of the cell. 

The rate of migration was then plotted against cell 
depth. If the cell was made of uniform dimensions, a 
parabolic curve formed. According to the established 
theories of Smoluchowski (11) and Komagata (12), if 
the ratio of width to depth of the cell is adequate, the 
mean height of this curve will intersect the parabolic 


two 


1 Built by Scientific Glass Apparatus Co., Inc., Bloom- 
field, N. J. 
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curve at 20.2 per cent to 21.1 per cent of the depth from 
the top as well as from the bottom of the cell. These 
levels then represent the stationary layers where mobility 
measurements unaffected by electro-endosmosis may be 
made. All measurements were made at one of these 
levels. The corrected velocity in « per second per volt per 
cm. is equal to 

Vobs Ks q nr 

I] 

where Vots is the observed velocity in uw per second; Kg, 
the specific conductivity; q, the cross-sectional area of the 
microelectrophoresis cell in cm.?; I, the current in amperes; 
and 7,, the relative viscosity. A discussion of some of 
the technical problems associated with this technique is 
given by Ponder and Ponder (13). 


RESULTS 


Mobility measurements of platelets were made 
in various citrate and phosphate buffers ranging 
in pH from 7.5 to 3.2. The corrected velocities 
were then plotted against pH and connected by 
a solid black line as shown in Figure 1. The 
isoelectric point was assumed to be the inter- 
section of the zero mobility and the curve. The 
isoelectric point of platelets in buffered saline solu- 
tion was 3.98 (Table I). 

By this technique the curve and _ isoelectric 
point of saline washed platelets were then deter- 
mined in serum, 1 per cent gamma globulin, and 
4 per cent gamma globulin with pH adjusted by 
0.01 N HCl. The isoelectric points ranged from 
4.41 to 4.59 (Table I). These isoelectric points 
were significantly different (p < 0.001) from that 
of platelets in citrate buffer. 

The isoelectric point of platelets in 3 per cent 
albumin was found to be 4.18. The difference be- 
tween the isoelectric points of platelets in citrate 
buffer and those in 3 per cent albumin was sig- 
nificant (p < 0.001). 

The effect of dextran * was studied by allow- 
ing washed platelets to remain in 3 per cent or 
6 per cent dextran for 30 minutes. These plate- 
lets were then resuspended in a solution having 
a final concentration of 3 per cent dextran and an 
identical citrate concentration and ionic strength 
as in the previously described experiments. The 
isoelectric points of platelets exposed to 3 per 
cent and 6 per cent dextran for 30 minutes were 


2The dextran solution was supplied by courtesy of 
the R. K. Laros Co. It contained 6 per cent hydrolyzed 
fractionated dextran in 0.9 per cent sodium chloride solu- 
tion for clinical use. 
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Solution A is made up of one part citrate or phosphate buffer and nine parts of 
saline. Solution B is made up of 6 per cent dextran in one part citrate or phosphate 
buffer and nine parts of saline. Solution C is made up of 0.5 mg. per cent heparin in 
one part citrate or phosphate buffer and nine parts of saline. 


3.83 and 3.63, respectively. These differ sig- that dextran does not prevent coating of the plate- 


nificantly (p < 0.001) from the isoelectric point 
of platelets unexposed to dextran (Table I). 
Platelets were exposed to 6 per cent dextran for 
30 minutes. Serum and saline solution was added 
so that the final concentration of dextran was 3 
per cent and of serum protein approximately 1 
per cent. The isoelectric point was found to be 
4.49 and was not significantly different from that 
obtained with platelets unexposed to dextran but 


suspended in serum. This clearly demonstrates 


lets by serum proteins. 

Since most of the isoelectric points were found 
to be in a fairly narrow range it seemed desirable 
to explore the possibility of producing more 
marked changes in the isoelectric point of the 
platelets. The isoelectric point of platelets sus- 
pended in a 3 per cent hemoglobin solution 
was the described 
manner and was found to (Table I). 
The difference between this and the isoelectric 


determined in previously 
be 5.27 


TABLE I 


Tsoelectric points of saline washed* human platelets suspended in 


Pretreatment 


Exposed to 6% dextran, 30 min. 
Exposed to 3% dextran, 30 min. 
P-C-S 


3 saline washes P-C-S 


Suspending solution 


0.5 mg. % Heparin in P-C-S§ 
3% Dextran in P-C-S 
3% Dextran in P-C-S 


various solutions 


1.E.P.t Range 


Ww wh 
On S 


3% Albumin in saline 

Human serum 

1% Gamma globulin in saline 
Serum protein 1%, dextran 3% 
4% Gamma globulin in saline 
3% Hemoglobin 


A UI bo 
on 


a 
CoWM OO 


Exposed to 6% dextran, 30 min. 


oe ene 


~ 


Un te te te ee 
t 5 


* Unless otherwise stated, platelet suspensions were washed once with saline. 
f Isoelectric point. 

ft Standard deviation. 

§ One part of citrate or phosphate buffer and nine parts of saline solution. 
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point of platelets in 4 per cent gamma globulin 
was significant (p < 0.001). At the other end 
of the scale platelets suspended in 0.5 mg. per cent 
heparin and citrate buffer were negatively charged 
at a pH as low as 2.18 (Figure 1). The iso- 
electric point was not determined because of the 
instability of the velocity at these low pH values. 
Readings had to be made in less than two min- 
utes or sudden changes in direction of migration 
would occur. Heparin was added to serum and 
solutions of albumin and gamma globulin. Plate- 
lets suspended in these solutions were found to 
have the same isoelectric point as platelets in 
similar protein solutions without heparin. This 
was true with concentrations of 2.0 mg. per cent 
heparin in the final solution. 

It is evident from these experiments that the 
isoelectric point of platelets is modified by the 
suspending medium. The isoelectric points of 
platelets in the protein solutions are in the same 
relative order as the isoelectric points of those 
proteins. In no case, however, is the isoelectric 
point of the platelets the same as that of the pro- 
tein. This may represent a partial coating of 
the particle which would fit Abramson’s key spot 
hypothesis (6). It is also interesting to note 
that Abramson (14) found that quartz particles 
suspended in serum had an isoelectric point of 
4.7 which is close to the isoelectric point of plate- 
lets in serum. 


DISCUSSION 


The theory of Helmholtz and Lamb indicates 
that electrophoretic mobility should be propor- 
tional to the zeta potential and inversely propor- 
tional to the viscosity of the medium, provided 
that the thickness of the double layer, the facility of 
slip and the dielectric constant remain unchanged. 
Ponder (4) used this relation in the form 


v7 
vom 

where U was the zeta potential, v the mobility, y 
the viscosity, and the subscript zero referred to 
saline without dextran. His values of U/U, for 
platelets in 1 per cent dextran at pH 7.0 averaged 
1.27, while our figure for platelets in 3 per cent 
dextran at pH 7.0 is 1.40. 

Ponder questioned the 
platelets as molecular particles with regard to the 
effect of viscosity on flow. The determination 
of the isoelectric point eliminates the problem 
of how to treat the effect of viscosity. In our 
experiments the isoelectric point was observed to 
be essentially unchanged whether or not the 
points of the curve were plotted with a consider- 
ation for the effect of viscosity (Figure 2). 

The platelet suspended in a protein solution 
migrates in an electrical field in a fashion com- 
parable to leucocytes and inert particles. The 


validity of treating 
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evidence gained from electrophoresis suggests 
that the platelet is partially coated by the pro- 
tein in which it bathes. This is in sharp contrast 
to the evidence that erythrocytes suspended in a 
protein solution are not coated by this protein 
(15, 16). It appears that there may be a vari- 
ance in the type or degree of such coating be- 
tween leucocytes and platelets but there is still an 
inadequate amount of information about the 
former to warrant any final conclusion. 

Abramson, Gorin and Ponder (17) concluded 
that platelets suspended in serum are coated by 
serum albumin A. They arrived at this conclu- 
sion on the basis of similar mobilities among 
quartz particles, leucocytes and platelets in serum 
and the evidence by Moyer and Moyer (18) 
that quartz particles are coated by serum albumin 
A. In view of the isoelectric point differences be- 
tween platelets in albumin and in serum it appears 
that platelets suspended in serum must be at 
least partially coated by globulin. 

The effect of dextran on platelet mobility is 
interesting in that dextran is essentially non- 
ionic. A possible reason for the effect of dex- 
tran on platelet mobility is that the dextran might 
conjugate with some of the proteins on the cell 
surface and by so doing may change the orienta- 
tion of the proteins. Support for this view is 
found in the observation of Rozenfel’d and Ply- 
shevskaya (19) that dextran does conjugate with 
protein. 

The fact that dextran does not influence the 
isoelectric point of platelets suspended in serum 
does not militate against a significant influence 
of dextran on the surface of the platelet. It 
should be noted that heparin had a pronounced 
effect on the platelet mobility when the platelets 
were suspended in saline but that even in ex- 
tremely high concentrations it did not affect the 
mobility of platelets in protein solutions. These 
latter results are in the (20) 
observation that high doses of heparin increase 


face of Zucker’s 


the mesenteric bleeding time of rats and prevent 
the formation of an adequate platelet thrombus. 
Abramson’s “key spot” hypothesis again may 
come into play as an explanation of the apparent 
dichotomy of results. He showed that sheep 
erythrocytes when sensitized by the addition of 
small amounts of rabbit amboceptor did not have 
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their electrophoretic mobility altered and_ still 
could be hemolyzed by the addition of complement. 


SUMMARY AND CONCLUSIONS 


1. The isoelectric point of saline washed hu- 
man platelets suspended in citrate buffer is 4.0. 
2. When platelets are suspended in a solution 
containing human albumin, serum, gamma globu- 


lin or hemoglobin, the platelets appear to be 
partially coated by the protein in the surrounding 
medium, as evidenced by a change in the iso- 
electric point toward that of the protein. 

3. Platelets suspended in serum have an iso- 
electric point significantly different from plate- 
lets suspended in albumin solutions alone but not 
significantly different from platelets suspended in 
a solution containing gamma globulin. 

4. Heparin produces a marked increase in the 
negative charge of platelets in citrate buffer. 

5. Dextran causes an alteration in the mobility 
and a significant lowering of the isoelectric point 
of platelets in citrate buffer. 
that 
It is possible 


6. Our observations support the view 
dextran affects the platelet surface. 
but unproven that this change prevents the plate- 
lets from forming a platelet thrombus in dextran 


treated animals. 
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The metabolism of iron involves a series of 
compounds which restrict iron to undissociated 
forms. Upon absorption by gut mucosal cells, 
iron is enveloped within ferritin molecules (1, 2). 
In the presence of reducing agents, ferritin iron 
then is released to the surfaces of ferritin mole- 
cules (3) to become bound by a specialized trans- 
port protein of the plasma.t This iron-binding 
protein (IBP) is a 8, globulin by electrophoretic 
analysis but resembles albumin in chemical prop- 
erties (5, 8). Each molecule of IBP from human 
plasma or from the plasma of several other mam- 
malian species studied, in common with the IBP 
of egg white, “conalbumin,” binds two iron atoms 
to form a colored complex (5, 9-12). Iron 
bound by these proteins is in the ferric state (5, 
8) and is tightly chelated in complexes which ap- 
parently contain three phenolic groups and one 
bicarbonate ion (7, 11, 12). At a physiologic 
pH and bicarbonate concentration the iron-IBP 
In some manner, 
however, iron is transferred from IBP to im- 
mature red cells for incorporation into heme. Al- 
though it is well established that immature red 


complex is extremely stable. 


cells, either as intact cells or as hemolysates, can 
utilize ionic iron for heme synthesis (13-20), 
little is known of the mechanism releasing iron 
from plasma IBP for cellular utilization. It is 
often assumed that this mechanism for transfer- 


* This investigation was supported in part by a grant 
from the Helen Hay Whitney Foundation, and by a re- 
search grant, P. H. S. No. RG3507 (C5), from the Na- 
tional Institutes of Health, Public Health Service. 

1 Although several metals, including Cu**, Zn** (4, 5), 
Co*** and Mn*** (6) may combine with this protein, its 
sole known physiologic function is to transport iron through 
plasma. Thus the terms transferrin (4), siderophyllin 
(7), and iron-binding protein, of which the last will be 
employed in this report, are perhaps preferable to less 
specific terms such as metal-binding protein or metal- 
combining globulin. 
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ring iron from IBP to immature red cells includes 
transition through marrow iron storage sites. 
Recently, indeed, Bessis and Breton-Gorius (21, 
22) have interpreted their electron-microscopic 
studies of that 
erythroblasts may obtain iron for hemoglobin 
synthesis by removing iron particles from con- 
tiguous macrophages. 
tages of such a system as compared to a soluble 


immature red cells to indicate 


The physical disadvan- 


transfer system are great, however, and the ob- 
servation by Walsh and co-workers (15) that 
intact immature red cells (human reticulocytes) 
are capable of taking up iron bound to plasma 
in vitro suggests that normally iron is transferred 
directly from IBP to immature red cells. 

The interaction IBP 
red cells represents a physiologic transfer system 
peculiarly susceptible to study in vitro. Observa- 
characterizing this partially 
described in a preliminary report (23), are pre- 
sented below. 


between and immature 


tions interaction, 


MATERIALS 


Iron-binding protein of a high degree of purity was 
prepared as described elsewhere by Inman (24), using as 
a starting material Fraction IV-7, obtained by standard 
ethanol fractionation procedures and saturated with iron.? 
After recrystallization six times this material was ana- 
lyzed by electrophoresis and found to contain 97.6 per 
cent iron-binding protein. Its molecular weight was cal- 
culated from data obtained by ultracentrifugation and by 
diffusion to be 87,000 (6). 

Iron-saturated conalbumin, prepared from hen’s eggs, 
was generously supplied by Dr. Robert C. Warner. The 


2JIn this method the pH is not reduced below 5.2. Be- 
low a pH of 5, this protein is at least partially denatured. 
Partial denaturation of IBP during its preparation pre- 
sumably accounts for differences reported (25) in the 
turnover of iron bound to unaltered plasma IBP as com- 
pared to iron bound to certain commercial fractions of 
IBP. 

3 Department of Biochemistry, New York University 
College of Medicine, New York, N. Y. 
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iron in this material was removed by dialysis against a 
0.4 per cent solution of the disodium salt of ethylenedi- 
aminetetraacetic acid (EDTA) * in physiologic saline 
adjusted to pH 5.6, and EDTA was subsequently re- 
moved by repeated dialysis against iron-free saline buf- 
fered at pH 7.4. Throughout these experiments Fe™5 
was derived from dilute acid solutions of radioactive fer- 
ric chloride to which four parts of stable carrier iron 
were usually added. Studies of cobalt utilization by red 
cells were carried out with Co®Cl..5 

Whole heparinized blood samples rich in reticulocytes 
were generally obtained from patients either with per- 
nicious anemia during therapeutic response or with hemo- 
lytic anemias. In certain instances the proportion of retic- 
ulocytes was increased by centrifuging and withdrawing 
the top portion of packed red cells. Finally, saline sus- 
pensions of red cells were usually prepared by washing 
the specimens of heparinized peripheral blood three times 
by centrifugation in approximately 20 volumes of iron- 
free physiologic saline. For the sake of brevity such 
reticulocyte-rich red cell suspensions are referred to be- 
low in many places simply as “reticulocytes.” 


METHODS 


Hematocrit and hemoglobin values of the washed red 
cell preparations were determined by standard methods 
(26) ; 
(26) after resuspension of a drop of washed cells in two 
drops of plasma. 


reticulocytes were enumerated by the dry method 


Complexing of iron and IBP was produced by slowly 
adding FeCl, to solutions of IBP in iron-free physiologic 
saline containing 107 M NaHCO,. This mixture was 
allowed to react for one hour at room temperature be- 
fore addition to red cells, although color due to the for- 
mation of the Fe-IBP complex regularly reached a maxi- 
mum within a few minutes of admixture. 

Cobalt and manganese also form stable colored com- 
plexes with IBP and, as with iron, the trivalent state is 
required for this reaction (6). Unlike iron, which auto- 
oxidizes readily to the ferric state under physiologic 
conditions, cobalt requires the presence of an oxidant in 
order to remain in the cobaltic form. Thus one-tenth 
volume of 0.1 M H,O, was added to the reaction mixture 
containing Co”Cl., NaHCO, and IBP. 

In the majority of experiments a 30 «M concentration of 
IBP was employed and equal volumes of 20 or 30 uM 
concentrations of metal were added, resulting in one-third 
and one-half saturation, respectively, of the iron-binding 
capacity of IBP. Actual determinations of the iron-bind- 
ing capacity of purified IBP, plasma or serum were made 
by the method of Rath and Finch (27), and iron con- 
centrations were measured by the method of Kitzes, 
Elvehjem and Schuette (28). 

Following addition of washed red cells to the Fe*- or 
Co”-containing test mixtures of the type described above, 


4“Sequestrene,’ three times recrystallized, Alrose 


Chemical Company, Providence, R. I. 
5 Abbott Laboratories, North Chicago, III. 
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the mixed suspensions were incubated at 37° C. with agi- 
tation. At the end of the incubation period the red cells 
were washed with physiologic saline five times. The 
packed washed red cells were then diluted with physio- 
logic saline to a given volume in volumetric flasks, from 
which 3 ml. samples were withdrawn for determination of 
whole red cell radioactivity in a well-type scintillation 
counter. The red cell radioactivity was compared to that 
of the standards, and the red cell uptake of metal was 
generally expressed as micrograms of metal per milliliters 
of cells. 

The fraction of radioactivity not present in the red cell 
membranes was estimated in most experiments by centri- 
fuging 5 ml. of the final cell suspension and hemolyzing 
the sedimented cells with 3 ml. of distilled water; 0.7 ml. 
of 5 per cent NaCl was then added, and the suspension was 
made up to volume in a 5 ml. volumetric flask with 0.85 
per cent saline. The hiemolyzed suspension was then cen- 
trifuged clear of cell membranes at approximately 1,000 G 
for 15 minutes and the supernatant solution was assayed 
for radioactivity. The localization of Fe” in red cell 
fractions was more precisely defined in certain instances 
by differential centrifugation of hemolysates with an ul- 
tracentrifuge.6 The incorporation of Fe” into heme was 
determined in certain experiments by measuring the ra- 
dioactivity of heme extracted from the red cells by the 
method of Fischer (29). 

In order to estimate simply and simultaneously the dis- 
tribution of Fe® between hemoglobin, IBP and the red cell 
membranes, filter paper electrophoresis and autoradiog- 
raphy were employed. In this procedure, the washed 
reticulocytes were suspended in equal volumes of saline 
and hemolyzed by repeated freezing and thawing. At pH 
6.35, midway between the isoelectric points of IBP (5.9) 
and hemoglobin (6.8), these two proteins migrated op- 
positely, whereas the particulate matter of the cells re- 
mained precipitated at the origin. The proportion of 
radioactivity traveling with the hemoglobin spot was de- 
termined by planimetric analysis and quantitated by com- 
parison with autoradiographs of various dilutions of the 
Fe™® standard. In intact cell systems, good conformity ap- 
peared between measurement of hemoglobin incorporation 
of Fe® by this method, and heme incorporation of Fe® by 
the method of Fischer. By the autoradiograph method, 
over 80 per cent of the radioactivity of supernatant solu- 
tions derived from water hemolysates of Fe®-labeled 
reticulocytes, prepared as described above, resided in the 
hemoglobin spot. 


RESULTS 


The uptake of Fe*®Cl, from saline by mature and 
immature red cells 
Fe®® from a saline solution of Fe®*Cl, was 
bound to, or adsorbed onto, both mature and 
immature red cells (Figure 1). The uptake of 
radioactive Fe**t by both mature and immature 


6 Spinco Model | Preparative Ultracentrifuge. 
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Fe®Cl, was added to saline, albumin, iron-binding protein and y-globulin solutions. 


After 


one hour at room temperature these mixtures were incubated with a washed suspension of red 
cells containing 31.5 per cent reticulocytes from a patient with acquired hemolytic anemia (im- 
mature red cells) and with a washed suspension of normal adult red cells, only 0.3 per cent 


of which were reticulocytes. 


The uptake of Fe” by the washed cells after various periods of times was then measured as 


described under “Methods.” 
up Fe” from the iron-binding protein. 


red cells was initially very rapid, and gradually 
diminished thereafter. Approximately 90 per 
cent of the Fe®® adsorbed by these red cells re- 
mained in the fraction after water 
hemolysis and centrifugation at 1,000 G; and 
when the uptake of Fe****t exceeded about 5 yg. 
per ml. red cells, red cell agglutination ensued, a 
finding reported in more detail elsewhere (30). 
Siderocyte granules were not observed in such 


membrane 


iron-coated red cells. 

Although the uptake of Fe'tt from saline by 
the reticulocytes of patients with various diseases 
was usually similar to the uptake by mature red 
cells obtained from these same patients, the Fe**t 
uptake of reticulocyte-poor suspensions of red 


Note the striking selectivity with which immature red cells took 


cells from patients with acquired anemia and a 
positive Coombs test was consistently smaller 
than that of reticulocyte-rich suspensions prepared 
from the same blood specimens (Figure 2) or of 
suspensions of normal mature red cells (Figure 
1). 
red cell sensitization with antibodies upon Fe*** 
uptake was assessed by comparing the uptake of 
Fe*® from 30 »M Fe**Cl, in one hour by washed 
normal red cells and by normal cells which had 


In pursuance of this finding, the effect of 


been sensitized before washing with serum con- 
taining incomplete anti-D. The iron uptake of 
anti-D sensitized red cells was 2.18 pg. per ml. 
red cells as compared to 3.43 yg. of iron per ml. of 
unsensitized red cells. 
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The uptake of Fe** bound to IBP by mature and 
immature red cells 


Iron bound to IBP (as 30 uM, half-saturated 
Fe** IBP) was not taken up by mature red cells 
despite incubation at 37° C. for as long as 24 
hours. However, with red cell suspensions rich in 
reticulocytes an appreciable transfer of iron from 
IBP to the cells occurred, with a slowly diminish- 
ing rate of uptake over the course of several 
hours of incubation (Figure 1). By contrast, 
iron bound to human albumin (Cohn Fraction 
V), in a concentration equimolar to that of the 
IBP studied, was transferred to some extent to 
mature red cells. Although iron was preferenti- 
ally taken up from albumin by reticulocyte-rich 
cell suspensions, the uptake by these cells was 
less than was the case with IBP (Figure 1). 
Thus, with iron bound to albumin there was less 
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discrimination between mature and immature 
cells than with iron bound to IBP. When iron 
was bound to an equimolar concentration of hu- 
(Cohn Fraction II-1,2) 
the iron uptake by adult red cells was still greater 
(Figure 1) but with no discrimination between 
adult and immature red cells. 

In contrast to free iron, iron bound to IBP 
(Fe®® IBP) was taken up by a suspension of 
red cells in direct proportion to its concentra- 
tion of reticulocytes (Figure 2). By extrapola- 
tion of data, assuming that iron was taken up 


man gamma _ globulin 


only by reticulocytes, the quantity of iron trans- 
ferred in two hours from IBP to the red cells of 
various patients ranged from 0.5 to 4.5 pg. per 
ml. reticulocytes. In general the amount trans- 
ferred correlated with the apparent morphologic 


immaturity of the reticulocytes. Also in contrast 
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Fic. 2. THe RELATION BETWEEN RETICULOCYTE CONCENTRATION AND THE UPTAKE OF FE® 
FROM FE*CL; AND FROM FE” IBP 


Cell suspensions containing various reticulocyte concentrations were obtained by combining 
the top (reticulocyte-rich) and bottom (reticulocyte-poor) fractions of the centrifuged red 


cells of patients with acquired hemolytic anemia in different proportions. 
from Fe™® IBP is seen to occur in direct proportion to the reticulocyte concentration. 


The uptake of Fe” 
As noted 


in the text, the somewhat greater uptake of Fe” from FeCl, by reticulocytes than by adult cells 
was peculiar to patients with acquired hemolytic anemia. 
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As indicated by the solid circles, very little of the Fe” taken up from Fe™ IBP 


THE ELvuTABILITY FROM RED CELLS oF Fe® TAKEN Up JN VITRO 


by a reticulocyte-rich suspension of red cells could be eluted by subsequent ex- 
posure to high concentrations of EDTA, albeit over half of the Fe™ was in the 


cell membranes. Fe” taken up from FeCl, by a reticulocyte-poor suspension 
of red cells from the same patient was almost entirely eluted by EDTA (solid 
triangles). Ke” taken up from Fe"Cl, by the reticulocyte-rich cell suspension 
was partially eluted, but almost 30 per cent of the Fe™ resisted elution by high 


concentrations of EDTA (empty circles), although less than 12 per cent of the 


Ke™ had been incorporated into hemoglobin. 


to the 10 per cent of Fe* derived from Fe*"Cl, 
in saline, from 40 to 90 per cent of red cell Fe** 
IBP 


supernatant solution of water hemolysates of reti- 


derived from Fe® was recoverable in the 


culocyte-rich blood, spun at about 1,000 G. Thus 
from 10 to 60 per cent of the Fe** was associated 
with the reticulocyte membranes. In a_repre- 
sentative experiment, 49.1 per cent of the Fe*" 
IBP taken up by reticulocytes in vitro was in the 


supernatant solution of the hemolysate spun at 
1,000 G. 
cell uptake) of the Fe’ 


A small portion (4.5 per cent of the 
in the original supernate 
was sedimented with the ribonucleic acid-rich 
microsome fraction, obtained by centrifuging the 
Another 


small portion of Fe** (0.9 per cent of the cell 


supernate at 105,000 G for 60 minutes. 


uptake) was recovered in that fraction obtained 
by centrifuging the supernate at 26,300 G for 20 
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minutes and believed to contain the mitochondria. 
the Fe®® re- 


mained in the water-soluble phase of the lysed 


However, most of nonmembrane 


red cells and was incorporated into heme (see 
below). When a suspension of reticulocytes con- 
taining Ke** derived from Fe®® IBP was washed 
free of Fe*’ IBP and then incubated for up to 
24 hours in native plasma or in 60 »M unsaturated 
IBP, there was no appreciable elution of Fe®® 
into the medium, and during this period the pro- 
portion of Fe®* in the supernate of the hemolyzed 
cells to that of the whole cells (62 per cent) re- 
mained unchanged. 


Iron taken up from Fe*® IBP by a red cell 
suspension containing 32.2 per cent reticulocytes 


2.0 


” 
ad 
| 
Ww 
oO 
a 
WwW 
x 
oO 
oO 
a 
cs 
= 
WwW 
x 
4 
e 
a 
a) 
oo 
wo 
eo 
we 





L. 


SIMMONS, AND D. W. ALLEN 

was not appreciably eluted by subsequent ex- 
posure to EDTA in pH 68 or pH 7.4 phosphate 
buffer, even at concentrations as high as 0.1 
M EDTA (Figure 3). This true both 
intact Fe®*-labeled reticulocytes, which 


approximately 55 per cent of the Fe®* was in the 


was 
of in 
membrane (as determined by centrifugation of 
in cell membranes 


59 


hemolysates), and of the Fe 
washed “free’’ of hemoglobin and then resus- 
pended in EDTA. 
elutable simply 
heme. On the other hand, all but 28 per cent of 
the iron taken up by the same red cell suspension 


Thus the Fe®® was not un- 


because of incorporation into 


from 
That 


(containing 32.2 per cent reticulocytes) 


EDTA. 


Fe°*C], in saline was eluted by 
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IBP upon THE IRON UPTAKE OF RETICULO- 


CYTE-CONTAINING RED CELL SUSPENSIONS FROM Four SuBJECTS 


Note the tendency for Fe” uptakes to level off at IBP saturations of over 20 to 30 per cent. 
If the iron uptake data above is plotted against the reciprocal of the IBP saturation (see Fig- 


ure 5), straight-line relationships obtain at saturations from 0 to 50 per cent. 
represent red cells from subjects with the following hematologic conditions : 


The symbols 
acquired hemolytic 


anemia with 38.9 per cent reticulocytes (empty triangles) ; sickle cell anemia with 18.4 per cent 


reticulocytes (solid triangles) ; 


per cent reticuloyctes (empty circles) ; 


pernicious anemia during a therapeutic response with 14.9 
and normal with 1.2 per cent reticulocytes (solid circles). 


Except with the acquired hemolytic anemia red cells a heavy “nonspecific” adsorption of iron on 


red cells became evident when the IBP saturation exceeded 60 to 85 per cent. 





IRON TRANSFER TO RETICULOCYTES 


Fe UPTAKE, UG/CC RED CELLS 








Fire: 5. 


Each point represents the Fe™ 


stant amounts of Fe™ and increasing concentrations of IBP. 


4 5 6 
MOLAR RATIO IBP/Fe59 


THe ComPETITIVE Errect OF IBP on [RON UPTAKE By RETICULOCYTES 


uptake by equal volumes of reticulocytes incubated with con- 


Since each molecule of IBP is 


capable of binding two atoms of iron, the points represent IBP saturations ranging from 50 


to 6 per cent. 
fractional iron saturation of IBP. 


taken up by the mature red cells was almost 
entirely eluted by EDTA (Figure 3) as is true 
of other multivalent metals adsorbed onto red 
cells (30). Thus, the 28 per cent of the radio- 
activity that remained unelutable despite high 
concentrations of EDTA (Figure 3) was presum- 
ably bound to reticulocytes, but was not incorpor- 
ated into heme, for 88 per cent of it was attached 
to the cell membranes. 

In an effort to determine the chemical fraction 
of reticulocyte membranes to which Fe*® was 
bound, a reticulocyte-rich red cell suspension was 
incubated with autologus plasma, which had been 
brought to half-saturation with Fe*®®. These 
cells were then washed five times with physiologic 
saline, after which they were hemolyzed in three 
volumes of cold water and later suspended in 50 
volumes of cold buffer for 18 hours. 


The stroma residue which precipitated from this 


acetate 


suspension was subjected to lipid extraction by 
the method of Folch and associates (31). Less 
than 0.1 per cent of the Fe*® taken up by the 


cells was recovered in the lipid extract of their 


The expression “molar ratio IBP/Fe™” is equivalent to half the reciprocal of the 


membranes, whereas 34.8 per cent remained bound 
to the This 
residue was partially soluble in 30 per cent so- 
However, efforts to characterize 


stroma residue. Fe®*-containing 
dium cholate. 
the iron-binding component of this cholate-sol- 
uble extract by paper electrophoresis and by 
column chromatography were unsuccessful. 

The transfer of iron from IBP to reticulocyte- 
rich suspensions of red cells was greatly affected 
by the degree of iron saturation of the IBP. In 
Figure 4 it is evident that the Fe*® uptake of retic- 
ulocytes approached a plateau when the iron 
saturation of the IBP exceeded 20 to 30 per cent. 
At iron saturations in excess of 60 to 85 per cent 
there was usually a sharp increase in Fe°® up- 
take ; this appeared to be a nonspecific adsorption, 


9 


for a similar sharp increase in Fe*® uptake also 


occurred when adult red cells were so. studied. 


This “nonspecific” iron uptake at high iron satura- 
tion was partially diminished by increasing the 


bicarbonate concentration. Comparable experi- 


ments in which iron-deficient human plasma was 


saturated to various extents with iron revealed 
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that only when the plasma iron-binding capacity 
was exceeded did iron “nonspecifically” attach 
to red cells. Even when the iron-binding capac- 
ity of plasma was exceeded, however, a majority 
of the excess iron was bound by other proteins. 
As indicated by filter paper electrophoresis and 
autoradiography, iron added in excess of the 
plasma iron-binding capacity at an alkaline pH 
was largely bound to a protein migrating muid- 
way between the alpha-1 and alpha-2 globulins; 
greater excesses of iron also migrated with al- 
bumin. There was no difference in this respect 
between normal plasma and the plasma of pa- 
tients with hemochromatosis. 

When the IBP was less than about 20 per cent 
saturated, the iron uptake of reticulocytes dimin- 
ished despite an amount of iron in the system well 
in excess of that utilizable by the reticulocytes. 


The competition of IBP for iron in the presence 


of a given volume of reticulocytes was demon- 
strated either by maintaining the IBP concen- 
tration constant and varying the amount of iron 
added (Figure 4+) or by keeping the iron con- 
centration constant and varying the amount of 


IBP (Figure 5). 
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When to a given amount of reticulocytes vari- 
ous quantities of IBP of a constant Fe*® satura- 
uptake 


tion (33.3 per cent) were added, the Fe™ 
increased in proportion to the IBP concentra- 
tion until a concentration of 160 »M was exceeded 
(Figure 6). Thereafter, further increase in Fe** 
IBP caused no further uptake. 

effort to whether IBP entered 
reticulocytes or became attached to their sur- 


In an detect 
faces, measurements were made of the IBP con- 
centration of a preparation before and after ex- 
posure to a relatively large volume of reticulo- 
cytes. Despite removal by the reticulocytes of 
over 30 per cent of the iron, there was no change 
in the total IBP concentration, 

The uptake by reticulocytes of Fe°* bound to 
various mammalian plasmas and to conalbumin 


The uptake by human reticulocytes of iron 
from human plasma labeled with 1 pg. Fe*® per 
ml. plasma was similar to that from comparable 
concentrations and saturations of purified human 
IBP. 


30 »M human IBP was not transferred to mature 


As with human red cells, iron bound to 


rabbit or rat red cells (iron uptake 0.03 yg. per 








10 
ONE-THIRD SATURATED 


Fic. 6 


100 1000 


IBP, MICROMOLES/LITER 


Tue Errect oF IBP CoNCENTRATION ON THE UPTAKE OF [RON BY RETICULOCYTES 


IBP which had been 33.3 per cent saturated with Fe” was added in increasing concentrations 


to a series of test tubes holding equal volumes of a suspension of red cells containing 18.0 per 


cent reticulocytes. 
til the latter exceeded 160 uM 


(1.39 Gm. per cent). 


Iron uptake increased in direct proportion to the Fe® IBP concentration un- 


The Fe™ 


uptake at physiologic concen- 


trations of IBP (approximately 27 1M) was about 77 per cent of that at 160 uM concentrations 


of IBP. 
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TABLE I 


Utilization of Fe®® by human reticulocytes 


Iron 
preparation Fe®> uptake into heme (25) 
ug./Gm. heme 
15.6 


10.5 


ug./ml.red cells 
0.24 
OBAY | 


Fe IBP 
Fe Cl; 


Fe incorporation 


Red cell Fe? 


in heme 


Red cell Fe® 
in hermoglobin 


Fe® incorporation 
into hemoglobin* 


ug./Gm., hemoglobin ‘ 
0.485 64.6 
0.251 3.5 


* Determined by autoradiography as described in the text. 


ml. cells per two hours). A suspension of rabbit 
red cells containing 33.0 per cent reticulocytes, 
however, took up 0.60 yg. iron per ml. cells in two 
hours IBP, as compared to 1.4 


pg. from rabbit plasma; and a suspension of rat 


from human 
cells containing 14.0 per cent reticulocytes took 
up 0.17 wg. iron per ml. red cells in two hours 
from human IBP, as compared to 0.37 pg. from 
rat plasma. Thus in each instance iron was 
transferred from human IBP to heterologous retic- 
ulocytes, albeit not as readily as from the na- 
tive plasma. 

Fe®® bound to 30 1M. half-saturated conalbumin 
was not taken up by mature human red cells 
(0.006 pg. iron per ml. red cells in two hours). 
However, a preparation of human red cells con- 
taining 33.5 per cent reticulocytes took up 0.535 
pg. iron per ml. red cells in two hours from 30 
uM conalbumin, as compared to 0.613 pg. iron 
per ml. red cells in two hours from 30 »M_ hu- 


BP. 


proximately as efficient an iron transport ve- 


man Thus, im vitro, conalbumin was ap- 


hicle for human reticulocytes as was human IBP. 


Conversely, chicken (nucleated) red cells (6.2 


per cent reticulocytes) took up in two hours half 


as much iron (0.52 pg. per ml. red cells) from 
human IBP as they did from conalbumin (0.94 
pg. per ml. red cells). 

The fact that 
from conalbumin somewhat more readily than 


chicken red cells utilized iron 
from human IBP suggested the possibility that 
this protein, which normally is concentrated in 
hens’ eggs, may also function as an avian plasma 
As was intimated by Jensen, 
(F9), 


the addition of radioactive iron to fresh chicken 


transport protein. 
Ashenbrucker, Cartwright and Wintrobe 


plasma (which had an iron content of 100 yg. 
The 


was largely dialyzable thereafter and 


per cent) caused no colorimetric change. 
added Fe" 
was “nonspecifically” adsorbable by both mature 


and immature human red cells. However, when 


native chicken plasma was dialyzed at pH 5.6 
against EDTA to free it of iron, and then dialyzed 
free of EDTA, at a pH of 7.4, this iron-free 
plasma was found capable of binding about 200 
pg. per cent of radioactive iron, as determined 
Kilter paper 
phoresis (0.05 M barbital buffer at pH 8.6) and 


by dialysis experiments. electro- 
autoradioautography of chicken plasma so labeled 
with Fe®* revealed a specific iron-binding protein 
with the same mobility as that of conalbumin: 
midway between the 8 and y positions. 

and into hemo 


Incorporation of Fe into heme 


globin by human reticulocytes 


In systems containing only labeled iron, IBP 
and washed reticulocytes suspended in saline and 
X * goal 
50 per cent of the Fe 


incubated at for two hours, from 20 to 
taken up by the reticulo 
the 


fraction ob- 


(29). 


recoverable in heme 
the 
recting for heme lost during fractionation, it was 


30 


in 


cytes was 


tained by method of Fischer Cor 


calculated in various experiments that from 


to 8O per cent of the reticulocyte Fe** was 
corporated into heme. Despite the higher total 
Fe*® FeCl, than 


IBP, the portion of this Fe 


cell uptake of derived from 


Fe 


recovered 


from which 


was with heme was far less, ranging 


from 2 to 12 per cent and varying in direct pro 
Pre 


sumably this is due to the fact that mature red 


portion to the percentage of reticulocytes. 
cells, which adsorb free iron but do not synthesize 
heme, constituted a majority of the cells in most 
In a single experiment the 
Ke 


[BP into both heme, as determined by the Fischer 


suspensions studied. 


incorporation of Fe** from Fe*"CL, and from 


method, and into hemoglobin, as determined by 
filter paper electrophoresis and autoradiography, 
was compared (Table 1). Both methods were in 
Note 


incorporated from Ke®®Cl, 


essential agreement. that the calculated 


absolute amount of I 
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into the heme fraction of reticulocytes was only 
incorpor- 


about two-thirds of the amount of Fe*! 
ated into the heme of reticulocytes incubated with 


Ke’ IBP. 


lactors affecting the transfer of iron from IBP 
lo ret ulo« yles 
a) Temperature. The effect of temperature on 

iron uptake by reticulocytes was determined by 


incubating reticulocyte-rich red cell suspensions 


0.3 
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and Fe**-containing preparations together at cer- 
tain temperatures, after these components had 
been separately equilibrated at these temperatures 
for 15 minutes. After incubation for two hours, 
the reaction was stopped by the addition of NaCN 
(see below), and the cells were then washed as 
The uptake Fe*® 
to IBP was markedly temperature-de- 
pendent. As indicated in the upper part of Fig- 
there was very little uptake at 0.5° C. 


usual. by reticulocytes of 


bound 


ure 7, 
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TEMPERATURE, DEGREES CENTIGRADE 


THe EFrect OF THE TEMPERATURE OF INCUBATION ON THE UP- 
LOCYTES OF Fr“ From Fe* IBP anp From Fe™C1, 


Fic. 7. 

TAKE BY RETK 
In each instance the whole cell uptake of Fe™ (solid circles) increased 
37° C. However, Fe® uptake from 
suppressed at 0.5° C. and at 
In each study Fe™ incorporation 


temperature up to 


with increases in 
Fe* IBP 
42.5° C. than that from FeCl, 


mto 
Int 


(above) was more strikingly 

(below). 
as determined by autoradiography, was 

by nony but 

between hemoglobin Fe” and whole cell Fe® 


hemoglobin (empty circles), 


also cCleariy depressed nysiologic temperatures an approxi- 


t+ or rtion 


, 
mately constant proportion 


remained 
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Above 14° C. iron uptake increased steadily to 
a maximum rate at 37° C.; at 42.5° C. the up- 
take was sharply inhibited. Based on these data 
the heat of activation (AE) was calculated as 
12,200 calories per mole of iron. 

temperature dependency was observed when Fe*® 


Almost identical 


bound by plasma was incubated with reticulocytes. 
In parallel studies the uptake from Fe**Cl, in 
saline both by reticulocyte-rich cell suspensions 
and by reticulocyte-poor cell suspensions also 
increased with rising temperatures, but this effect 
was less striking. The ratio of Fe®® uptake from 
Fe®® IBP at 37° C. over that at 0.5° C. was 12.6; 
the ratio of Fe®* uptake from Fe®*Cl, at 37° C. 
over that at 0.5° C. 
7 there was also a fall-off of the uptake of iron 
from Fe®®Cl at 42.5° C., but this effect was slight 
compared to the sharp reduction when Fe**® IBP 
The incorporation of Fe*®® from 
either Fe®®Cl, or Fe®* IBP into hemoglobin as 
tem- 
perature dependence very similar to that of the 


was 6.2. As seen in Figure 


was employed. 
determined by autoradiography showed a 


whole cell uptake of Fe°® (Figure 7). 

b) pH. The effect of pH on iron uptake was 
determined both in systems containing Fe*®* IBP 
Both 
systems were adjusted to various pH levels with 
N/3 HCl or N/3 NaOH, and the final experi- 
mental pH level was determined after addition of 
the washed reticulocytes. A maximum of Fe*® 
uptake ranging from pH 7.2 to pH 7.6 was 
found in both systems, with sharp reductions out- 


and in systems with Fe®*-labeled plasma. 


side of this range. Thus, there was very little 
iron uptake below pH 6.8 and above pH 8.0. 

c) Oxygen tension and the state of oxidation. 
The effect of oxygen tension on iron uptake by 
reticulocytes in vitro was investigated, employing 
autologus plasma labeled with Fe’. After re- 
moval by centrifugation of the red cells of blood 
samples of patients with pernicious anemia under- 
going treatment with vitamin B,,, Fe°®Cl, was 
added to the native, hypoferremic, heparinized 
plasma in an amount calculated to half-saturate 
the iron-binding protein. Meanwhile, aliquots of 
the reticulocyte-rich red cells in unlabeled plasma 
were placed in a series of air-tight separatory 
funnels, each of which was equilibrated three times 
at one atmosphere pressure with one of the series 
of gas mixtures which contained various concen- 
trations of O, in N, with a constant amount 


TO RETICULOCYTES 


rABLE II 


Effect of oxygen tension on the utilization of iron by 
human reticulocytes 


Subject 
pOz A B ( D Average 


Fe® uptake (ug./ml. red cells) 


mm. Hg 

0 0.139 0.227 0.061 0.068 

20 0.083 
39 0.176 0.234 0.075 0.082 
81 0.224 0.243 0.082 0.090 
113 0.212 0.252 0.079 0.089 
144 0.210 0.261 0.084 0.091 
724 0.210 0.273 0.086 0.095 


0.124 


0.142 
0.160 
0.158 
0.162 
0.166 
Per cent of red cell Fe®* in ‘“hemoglobin"’* 
0 42.3 81. 
20 
39 
81 
113 
144 
724 


57.0 


48.1 
46.3 
45.5 
45.1 
39.7 
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* Determined only presumptively in these experiments 
as that radioactivity remaining in the supernatant solution 
from centrifuged reticulocyte hemolysates. 


(4.7 + 0.2 per cent) of CO,,. 
was then added to each separatory funnel and the 


Fe°*-labeled plasma 


mixtures were re-equilibrated three times with the 
same gas mixtures and incubated at 37°C. for 
three hours. As portrayed in the upper part of 
Table II, the iron uptake of the whole cells (pre- 
sumably reticulocytes) was least under anaerobic 
conditions and increased somewhat with increasing 
O, tensions. On the other hand, the portion of 
red cell Fe®*® which was present in the superna- 
tant solution derived from hemolysates of these 
cells was greatest under anaerobic conditions and 
diminished with increasing O, tensions. 

Although it was possible to decolorize par- 
tially the iron-IBP complex with certain reduc- 
ing agents such as sodium metabisulfite (2 x 
10-? M), cysteine (10°° M) and glutathione (2 x 
10°°M) did facilitate Fe*® 
transfer reticulocytes. Rather, 


these agents not 
IBP to 


Fe*® uptake by reticulocytes was somewhat dimin- 


from 


ished by chemical reduction, and was moderately 
increased by 5 x 10% M H,O, and by 5 x 10° 
M KMnQ,. 

d) Hemolysts. 
lysis of reticulocytes on their capacity to take up 
Fe®® from Fe** IBP was determined by incubat- 


The etfect of preliminary hemo- 


ing Fe®® IBP with three aliquots of a reticulo- 
cyte-rich suspension of red cells, (a) in saline, 
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CONTROL 


Fe™cl 3 


Fic. 8. THe Errect or LEAD ON THE 


Fe”CL 
Ke™ 


After incubation with 


and subjected to electrophoresis at pH 6.35 in 0.1 M phosphate buffer. 


pairs of strips is the unstained hemoglobin paper electrophoretogram. 
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RETICULOCYTES OF FE™ FRoM FE® IBP AND FROM 


HEMOGLOBIN 


human reticulocytes were washed free of unutilized iron prior to being hemolyzed 


The upper (lighter) of each of the four 
In each the heavy spot to the left repre- 


sents hemoglobin migrating toward the anode, and the small spot to the right is at the origin and consists largely 


of cell membranes 


As compared to incubation without lead (left), reticulocytes incubated with 


marked inhibition of incorporation of Fe™ 


At this concentration of lead, however, the total reticulocyte uptake of Fe™ 
relative accumulation of Fe” on the reticulocyte membranes. 
was incorporated into hemoglobin when derived from Fe” IBP than when derived from Fe*C1,. 


Ke™ 


(b) after hemolysis with three volumes of dis- 
tilled water, and (c) after hemolysis by rapid 


freezing and thawing. After incubation for two 


hours at 37° C. the intact reticulocytes in (a) 
were also hemolyzed with distilled water, and 
the cell membranes in all tubes were then washed 
The 


content of the membranes from the reticulo- 


three times with cold physiologic saline. 
Ke*® 
cytes hemolyzed in (b) and (c) before incubation 
Ke*! 


membranes from reticulocytes in (a) which were 


with IBP was only 7 per cent of that of 
intact during the incubation period. 
Metabolic accelerators and inhibitors. The 


and 


Cc) 
metabolic accelerators 
Fe? 


IBP to human. reticulocytes 


influence of several 


substrates on the transfer of from buffered 
Fe®® 
was evaluated during two hour periods of in- 
at s7.5° °C. 
2x 107 M 


solutions of 


in concentra- 


Ke*® 


cubation Glucose 


tions of increased uptake by 


into hemoglobin, whether the Fe™ 


The lower (darker) of each of the four pairs of strips is the autoradiogram of the paper strip. 


10* M PbClL (right) showed a 
was derived from Fe” IBP or Fe®C1,. 
was only slightly inhibited, causing a 


Note in the control study how much more efficiently 


values 
of 
M), glycine 


moderately, with ranging 
to 150 control 
values. Cig (0+ 
M), succinic acid (10°' M), methylene blue (20 
(10* M), all in the 
presence of 2 x 10° M glucose, did not increase 


Fe*® 


nation. 


reticulocytes 


from 110 per cent per cent 


Inosine (5 


mg. per cent) and citrate 


uptake further, either singly or in combi- 


9 


from Fe* 


The uptake of Fe*® IBP by reticulo- 
cytes was moderately depressed, but not abolished 


HCO, 10? MM; 


At given acetazoleamide 


concentrations in excess of 
HOO. 


at concentrations as high as 50 mg. per ml. cells 


by 
levels, sodium 
Each of several 
“metabolic (10? M 
cyanide, 10°* M sodium fluoride, 10° M_ sodium 


had no effect on iron uptake. 


inhibitors” studied sodium 


azide, 10 * M sodium arsenate and 10° M iodo- 
acetic acid) reduced the Fe®* uptake by reticulo- 
cytes (suspended in Krebs-Ringer phosphate so- 
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lution containing glucose) to less than 20 per 
cent of control values. Marked inhibition of 
iron uptake was caused by as little as 10°* M 
concentrations of 2,4-dinitrophenol and 10-° M 
2,4-dinitrophenylphenol. | However, concentra- 
tions of fluoracetate as high as 2 x 10° M had 
no inhibitory effect. 

The possibility that iron uptake was suppressed 
indirectly by inhibition of heme synthesis was ex- 


amined by observing the effect of lead, which 


interferes with several stages in the synthesis of 
heme (32, 33). Although inhibited by 5 x 10° 
concentrations of Pb**, the whole cell uptake of 
Fe®® by human reticulocytes during two hours 
at 37.5° C. was only slightly diminished (— 20.6 
per cent) in the presence of 1 xX 10* M Pb*. 
However, the incorporation of Fe*® into hemoglo- 
bin was almost entirely prevented, as is evident 
in Figure 8, whether the Fe** was derived from 
Fe®® IBP or from Fe®®Cl, in saline. Thus the 
amount of iron remaining in the cell membrane 
This pile-up of iron on the mem- 
brane was not the result of an increase in mem- 


was increased. 


brane hemoglobin and the increased membrane 
Fe®? 


covered in heme extracts of the membrane. 


in lead-poisoned reticulocytes was not re- 


The results of a comparable study of the effect 
of lead on the uptake of Fe®® from rabbit plasma 
by the reticulocytes of bled rabbits are presented 
in Table III. 
rich suspension of washed rabbit red cells was 


In this experiment a reticulocyte- 


incubated for five minutes with 10°* M PbCl., 
after which Fe*®-labeled plasma was added and 
incubated with the cells at 37°C. under oxygen 
for one hour before cell fractionation was carried 
out. It is evident from Table III that, although 
the total cell uptake of Fe°® 
ished by this concentration of Pb*t, there was a 


was moderately dimin- 


striking increase of Fe**® in the stromal (mem- 
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brane) fraction of lead-poisoned cells, and, pro- 
portionately, a reduction in Fe*® in the hemoglobin- 
containing supernate. no evidence 
that lead caused iron to accumulate in the micro- 
somal fraction or in the fraction believed to con- 
tain the mitochondria. 

f) Metals and chelating agents. 


whether, in its transfer from IBP to reticulocytes, 


There was 


The question 


iron exists at any time in the free ionized state 
was examined by adding Fe*’ IBP to each of a 
series of tubes containing a reticulocyte-rich sus 
pension of red cells to which various amounts 
There 
was no competitive inhibition of Fe°® uptake by 


of nonradioactive FeCl, had been added. 
the added ionized iron. The effect on iron up- 
take of several other metals known to participate 
in enzymic systems was also explored. Concen- 
trations of KCI, MgCl,, and CaCl, ranging from 
10°* to 10° M 


tions of 10° M, or greater, moderately suppressed 


had no effect. CoCl, concentra- 
iron uptake. 

the 
free state during transier from IBP to reticulo- 


More evidence that iron did not exist in 


cytes, and that traces of nonierric metals were 
the 
use of EDTA which competes with IBP for iron, 


not involved in reaction, was obtained by 
As is shown in Figure 9, EDTA dissolved in pH 
7.4 phosphate buffer completely blocked the up 
°C] 
Ik DTA was equally 


take by red cells of Fe®* from Fe at a molar 
ratio of EDTA/Fe of 


effective in this respect on reticulocytes (Figure 


two. 
9) and on adult red cells (not shown), indicating 
an iron transfer agent. 
In contrast to the findings with Fe®*Cl., the trans 
LBP 


significantly affected by 


that it did not function as 


fer of iron from to reticulocytes was not 
y the presence of EDTA 
EDTA /I* ded 10; 


‘TBP was not abolished even 


Ire ot 


until the ratio of and 
Fe°?® uptake from F‘ 


ata ratio of EDTA 


CACe 
100, despite the fact that 


ill 


The effect of lead on the uptake and intracellular distribution of iron in 


Whole 


cells 


Reticulocyte 
suspension 

446,250 

210,200 


Control 
Lead-poisoned 


10-4 M Pb**) 


7,.000G X 15 min. 
(Cell membrane) 


Fe® activity (cpm/ml. cells) 


Sediment from spun hemolysate 
J 


26,000 G X 20 min 


105,000 G x 
(Mitochondria Micr 


800 
1,600 


76,720 


700 112 
900 
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Fe*® IBP Anp 


Fe*®CL 


With a molar ratio of EDTA/iron of two or more, iron was not taken up from Fe®Cl 
However, a relatively large excess of EDTA was needed to suppress the trans 


reticulocyte s 
fer of iron from Fe” IBP to reticulocytes. 


this amount of EDTA caused over 50 per cent dis- 
sociation of the Fe**® IBP complex as determined 
colorimetrically. 

g) Effect of enzymatic alteration of red cell 
surfaces. In order to explore the hypothesis 
that the immature red cell membrane includes on 
its surface receptor sites which bind iron, the 
effects of certain which alter the red 


cell 


washed red cell suspensions were incubated for 


enyzmes 


surface were observed. Reticulocyte-rich 


one hour at 37° C. in pH 7.6 phosphate buffer 


with various concentrations of trypsin.’ These 


cells were then washed in phosphate buffer (pH 


7.4) once, and in physiologic saline twice, and 
were then incubated, in parallel studies, with Fe®® 
IBP and with Fe®*Cl, in saline. Pretreatment of 
reticulocytes with as little as 0.001 per cent tryp- 
(salt-free, Mann 


* Trypsin, crystalline lyophilized). 


Research Laboratories, New York, N. Y 


by 


sin (0.01 mg. per ml.) aiarkedly suppressed 
their ability to take up Fe*®® IBP (left portion of 
Figure 10). 
of FeCl, 
affected. As indicated by the interrupted line in 
Figure 10, the IBP 


by consistently 


On the other hand, the adsorption 
by these enzyme-treated cells was un- 


uptake of iron from Fe®® 


trypsinized reticulocytes was 
greater (although still markedly depressed) when 
glucose (0.015 M) was included in the system 


When 


reticulocytes were first trypsinized, then incu- 


during incubation of cells and Fe®® IBP. 


bated with glucose for two hours, and finally incu- 
bated with Fe*® IBP, with two saline washings 
of the cells between each incubation, the effect of 
trypsinization upon iron uptake was again dimin- 
ished but not to the extent observed when glucose 
was present during the incubation of cells with 
Fe®® IBP. 


during trypsinization did not affect the subse- 


The presence of iron in the medium 
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quent inhibition of Fe®® uptake. Trypsinization of 
reticulocytes curtailed the subsequent uptake of 
Fe®® from Fe*® bound to plasma to the same 
extent as that bound to purified IBP. Reticulo- 
cytes, previously incubated with various concen- 
trations of trypsin as described above, were re- 
suspended in plasma containing Fe*® and were 
then incubated in Warburg flasks for three hours. 
During this time oxygen consumption was ob- 
served, and at the end of incubation the lactate 
content of the supernatant plasma specimens and 
the Fe*® activity of the red cell specimens were 
determined. Although Fe°* uptake by the reticulo- 
cytes was, once again, sharply diminished by pre- 
treatment with 0.001 per cent, 0.01 per cent, and 
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0.1 per cent trypsin, these concentrations of tryp- 
sin had no effect upon either oxygen consumption 
or lactate production. Incubation of reticulo- 
cytes with 0.1 per cent trypsin, after these cells 
had taken up Fe®® from Fe** IBP, did not cause 
elution of Fe®® into the medium, even though 50 
per cent of the Fe®® was in the cell membranes 
as determined by centrifugation. Chymotrypsin § 
treatment also blocked the uptake of Fe*® by 
reticulocytes, although it was not quite as potent 
in this respect as trypsin. 

The effect of enzymatic destruction of the 
sialic acid of the reticulocyte surfaces by receptor- 

8 Chymotrypsin, crystalline. Mann Research Labora- 
tories, New York, N. Y. 
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RETICULOCYTE SURFACES ON THEIR SUBSEQUENT 


ABILITY TO TAKE Up [RON FroM FE”CL, AND FE” IBP 


Neither trypsin (left) nor receptor-destroying enzyme (RDE) (right) significantly affected the up- 


take by reticulocytes of Fe” from FeCl. 


Exposure of reticulocytes to extremely low concentrations of 


trypsin, however, caused a marked suppression of their uptake of iron from either purified IBP (left) or 


from plasma (not shown). 
rupted line). 


RDE also diminished the subsequent uptake of reticulocytes of Fe® from Fe” IBP. 


This effect of trypsin was partly reversed by the presence of glucose (inter 


How 


ever, the quantity of RDE preparation required to cause inhibition far exceeded that of trypsin. 
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HOURS 


Tue UptAKE oF FE FroM Rat SERUM By Rat LIveR SLICES AS A 


FUNCTION OF TIME 


Rat liver slices took up iron from rat serum in direct proportion to the period 


of incubation. 


Only when comparatively small amounts of Fe™-labeled rat se- 


rum were present, however, was an actual concentration gradient achieved. 
Thus when five rat liver slices were incubated with 0.01 ml. of Fe® serum for 
six hours (solid triangles), the concentration of Fe” in the slices was 3.1 times 


that of the medium. 


However, when 0.8 ml. of Fe” serum was present (solid 


circles) the concentration of liver slice Fe® was only 0.15 that of the medium. 


destroying enzyme (34) was investigated. Lyoph- 
ilized “Receptor-Destroying Enzyme” (RDE),° 
derived from vibrio cholera filtrates by the method 
of Ada and French (35), and quantitated in the 
manner of Burnet, McCrea and Stone (36), was 
dissolved in saline, and various amounts were 
added to a series of tubes containing buffered 
saline (pH 6.6) and 0.002 M CaCl,. Washed 
suspensions of reticulocyte-rich red cells were in- 
cubated with the RDE preparations, and the cel- 
lular uptake of Fe*®® was then determined as de- 
scribed above for the experiments with trypsin. 
Like trypsin, RDE had no effect upon the ability 
of red cells Hee FeCl, in 
However, at concentrations of this en- 
unit per ml., reticulocytes 


to adsorb from 
saline. 
zyme exceeding 1 

® Behringwerke, Marburg-Lahn, Federated Republic of 
Germany. 


were impaired in their ability to take up iron 


from Fe®® IBP (Figure 10). 


pared to trypsin, much greater concentrations of 


Nevertheless, com- 


the RDE preparation were required to inhibit 
Thus, 240 mg. of RDE pro- 
tein per ml. red cells was required to suppress iron 


such iron uptake. 


uptake to the degree effected by 0.01 mg. of 
trypsin per ml. red cells. Preincubation, in an 
analogous manner, of reticulocyte-rich red cells 
(KIO,), 


inactivates sialic acid and related substances (37), 


and potassium periodate which also 
caused a moderate (27 per cent) diminution of 
subsequent iron uptake by the reticulocytes from 
Fe®® IBP. However, the concentration of KIO, 
(10° M) required to accomplish this inhibition 
was very close to that concentration (2 x 10° 
M) causing hemolysis. 
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Comparisons between the uptake of Fe°® by rat 
reticulocytes and rat liver slices 


The mechanism of uptake of iron from IBP 
by a nonerythroid, iron-requiring tissue was ex- 
plored by utilizing rat liver slices. Livers, freshly 
obtained from decapitated Lobund rats, were cut 
with a Stadie-Riggs microtome into slices weigh- 
ing 50 to 100 mg. The weighed slices were 
then placed in groups of five in iron-free flasks 
containing 2 ml. of Krebs-Ringer-phosphate so- 
lution to which glucose had been added. After 
equilibration by agitation at 37° C. under 95 
per cent oxygen and 5 per cent CO,, 1 ml. vol- 
umes of autologous rat serum which had been 
half-saturated with Fe®® and diluted with saline 
were added to each flask. Appropriately, at vari- 
ous time intervals, the supernate of each selected 
flask was decanted and saved, and its liver slices 
were rinsed 10 times in 50 volumes of saline. 
The Fe’® activities of each supernate and of the 
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corresponding slices were then determined and 
expressed as the ratio of the Fe*® concentration 
per gram of liver slice to that per milliliter of 


medium. 

As shown in Figure 11, rat liver slices accumu- 
lated Fe°® at a steady rate during six hours’ in- 
cubation. 
tion of Fe*® by liver slices exceeding that of the 


However, in this system a concentra- 


medium was only manifest after several hours 
when the Fe*® 
small amounts (< 0.1 ml. serum, half-saturated 
with Fe®®, per flask). 
liver slices did not leak out if the slices were subse- 


serum was present in relatively 
Fe** accumulated by rat 


quently incubated with rat serum half-saturated 


with nonradioactive iron. On the other hand, 
high concentrations of human IBP (50 »M) re- 
of the Fe®® 


slices within three hours, although this concentra- 


moved two-thirds from rat liver 


tion of IBP failed to remove Fe*® from the stroma 


of rat reticulocytes. Preliminary boiling of rat 


RETICULOCYTES 


LIVER SLICES 
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Fic. 12, Tue EFFect oF THE IRON SATURATION OF HUMAN IBP on THE UPTAKE OF FE” BY 
Rat RETICULOCYTES AND BY RaT Liver SLICES 


As with human reticulocytes, the uptake of Fe® from IBP by reticulocytes approached a plateau 
at an iron-binding protein saturation of 20 or 30 per cent, and a further sharp increase occurred 


at saturations above 75 per cent. 


In contrast rat liver slices took up comparatively small amounts 


of Fe” until high saturations (above 62 per cent) were reached, when Fe™ adsorption sharply 


increased. 
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liver slices for five minutes not only failed to 
diminish the subsequent accumulation of Fe*® 
from plasma by liver slices, but actually aug- 
mented it moderately. Boiling of rat reticulo- 
cytes, on the other hand, virtually abolished their 
capacity to take up iron. 

A comparison between the uptake of iron by 
reticulocytes and by liver at various iron satura- 
tions of IBP was made by separately incubating 
autologous rat reticulocytes and liver slices, re- 
spectively, with purified human IBP which had 
been incubated with various amounts of Fe®®Cl,. 
The reticulocytes and liver slices were taken from 
a rat which had been bled 20 ml. per Kg. body 
As 
depicted in Figure 12, rat reticulocytes resembled 
that the Fe*® uptake 
tended to level off when the iron saturation of the 


weight three and four days before sacrifice. 


human reticulocytes in 
IBP preparation exceeded 20 to 30 per cent, 
only to rise further as full saturation was ap- 
proached. With liver slices, on the other hand, 
Fe®® uptake increased slightly in a linear rela- 
tionship with IBP saturation until, again, heavy 


deposition of Fe*® 


appeared at high saturations. 
It is apparent from this figure that at low IBP 
saturations the relative capacity of reticulocytes to 
take up iron was great, as compared to liver slices, 
whereas at high saturations of IBP the relative 
ability of liver slices to take up iron increased 
sharply. 


The uptake of cobalt by mature and immature 
red cells 


Cobalt, like most multivalent metals, combines 
with the membranes of normal washed red cells 
(30). Unlike iron or chromium, however, co- 
balt (as saline solutions of Co®Cl, or Co®Cl,) 
was invariably taken up more avidly by reticulo- 
cytes than by adult cells. The red cells of several 
patients with increased reticulocytes were centri- 
fuged and samples were removed from the top frac- 
tions (which contain most of the reticulocytes), 
the middle fractions, and the bottom fractions 
(said to contain the oldest cells [38]). In Table 
IV, it is apparent that the most immature red 
cells took up Co** most extensively, and that 
Co** uptake was roughly inversely proportional 
to Cobalt oxidized to Cot*** by the 
presence of 10°? M H,O, was similarly accumu- 


cell age. 
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TABLE IV 


The uptake of Co+* by mature and immature red cells 


Cobalt 
uptake 


Conc. 

Co®Cle 
pe./100 ml. 

red cells 


Reticulo- 
cytes 


Centrifuged 
fraction 


Type of 
red cells 





uM 
Top 30 
Middle 
Bottom 


Pernicious 
anemia 


Top 
Middle 
Bottom 


Pernicious 
anemia 


Top 
Middle 12: 
Bottom 0.5 


Pernicious 
anemia 


Top 39. 
Middle 26. 
Bottom 72 


Acquired 
hemolytic 
anemia 





lated preferentially from a saline solution by im- 
mature red cells. In suspensions of reticulocytes 
and of adult red cells, the uptake of Co*** was 1.47 
and 1.38 times, respectively, that of Co*t, following 
the rule that the more highly charged cations are 
more extensively bound by red cell membranes 
(30). 

Co*** reacts with IBP to form an amber-colored 
compound with a light absorptive maximum at 
402 mp (6). This compound is stable as long 
as the cobalt is maintained in the trivalent state 
by a suitable oxidant, and unlike Cu** and Zn**, 
Co*** is not displaced from IBP by Fe**t. When 
Co® IBP was incubated with adult red cells, 
little Co® became attached to the red cell mem- 
brane until the IBP was more than half-satur- 
ated. When the cobalt saturation of IBP was 
less than 50 per cent, however, the Co® uptake 
of reticulocyte-rich red cell suspensions was from 
5- to 12-fold as great as that of adult red cells. 
It is to be noted that this was an even greater de- 
gree of preferential binding by reticulocytes than 
occurred with ionized cobalt. However, the up- 
take of Co® from Co® IBP by reticulocytes was 
considerably less than that of Fe®® from compar- 
able preparations of Fe®® IBP, averaging about 
one-tenth as much. 

Colorimetric interference made it 
difficult to determine by  spectrophotometry 
whether or not Co**t in the presence of H,O, 
formed a colored complex with the IBP or iron- 
deficient serum. However, with several speci- 
mens of human and of rat sera it was possible 


by serum 
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to show that CoCl,, added serially to plasma in a 
manner comparable to that employed in the de- 
termination of the serum iron-binding capacity 
(27), produced small increments in light absorp- 
tion at a wavelength of 400 mp. The erythro- 
poietic effect of Co IBP in vivo was studied in 
four rats. Each was injected intravenously twice 
weekly for eight weeks with 2.5 ml. volumes of 
rat plasma which had been freshly incubated for 
one hour in the presence of H,O, and sufficient 
CoCl, (10 pg.) theoretically to saturate fully the 
plasma IBP. No hematologic change occurred in 
rats injected with small amounts of cobalt in this 
form. 


DISCUSSION 


In common with most multivalent metals (30), 
iron in the free cationic form is adsorbed onto 
the membranes of either mature or immature red 
cells. This adsorption is injurious to red cells 
and may lead to their agglutination and even to 
hemolysis (30). Although both mature and im- 
mature red cells may take up free Fe***, only the 
immature cells have the capacity to incorporate 
The non- 
specific capacity of red cell membranes to absorb 
cations such as iron presumably explains an ob- 
servation by Ellis, Brandt and Thacker (39) 
that more iron was taken up in vitro by washed 
than by unwashed reticulocytes with which se- 
rum binding of iron would be in competition. 

The mature red cells from patients with ac- 
quired hemolytic anemia whose red cells are ag- 
glutinable by Coombs serum, as well as red cells 
sensitized with incomplete anti-D antibodies, take 
up less free Fe*** than do normal red cells, sug- 
gesting that those chemical groups on the red 
cell membrane reacting with Fe*** are partially 
blocked by such protein “coatings.” 

In contrast to free cationic iron, iron bound 
to human serum IBP was readily utilized by 
immature red cells but was completely unavail- 
able to mature red cells. In this sense the iron 
transporting protein of plasma is involved in a 


this membrane-bound iron into heme. 


remarkable mechanism for restraining iron from 
reacting with, and perhaps causing injury to, cells 
not requiring iron while making iron available to 
cells which utilize iron. In comparing several sub- 
stances with IBP in terms of the selectivity with 
which iron bound to them was utilized by reticulo- 
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cytes and not by mature red cells, albumin was 
found to be much less selective, and gamma globu- 
lin and EDTA did not function in selective trans- 
port capacity at all. 

The transfer of iron from IBP to reticulocytes 
is not species specific. Indeed, it is not even class 
specific, since human reticulocytes readily utilized 
iron bound to conalbumin, the iron-binding protein 
of egg white, although conalbumin does inhibit iron 
utilization by bacteria (9). Conversely, a recent 
report by Paoletti (40) indicates that avian red 
cells are able to utilize iron from a preparation 
of human IBP. These indicate 
that the structure of the protein bearing the iron- 
chelating groups of IBP is not critical to the 
transfer of iron to immature red cells. On the 
other hand, the iron-chelating rings of IBP and 


observations 


of conalbumin are believed to be very similar 
(12). 

The transfer of iron from IBP to immature red 
cells did not approach a maximum until the iron 
saturation of the protein reached 20 or 25 per 
cent, and nonspecific “unloading” of iron from 
IBP on to mature red cells began to occur at 
saturations above 60 per cent. It is therefore 
of interest that these are approximately the lower 
and upper limits, respectively, of normal IBP 
saturation in man. Thus, it is tempting to con- 
clude that these homeostatic limits are preserved 
because below a saturation of 20 per cent IBP 
competes successfully with the marrow for iron, 
while above 60 per cent saturation iron is un- 
loaded onto tissues having comparatively less 
affinity for iron. Experimental support for such 
a mechanism in the regulation of serum iron levels 
is provided in the comparative study of iron up- 
take by rat reticulocytes and rat liver slices. It 
is apparent in Figure 12 that at high iron satura- 
tions of IBP there is a sharp increase in the pro- 
portion of iron deposited in liver as compared to 
reticulocytes. The inability of liver slices, as 
compared to reticulocytes, to take up iron at low 
IBP saturations may explain the observation of 
Beutler (41) that rat liver cytochrome C levels 
are more strikingly reduced during mild or mod- 
est iron deficiency than are hemoglobin levels. 

Since the total IBP concentration of serum in- 
creases during iron deficiency as well as during 
pregnancy (42), with consequent lowering of the 
percentage iron saturation, the resultant more 
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active competition by the more unsaturated IBP 
for iron (Figure 5) might be considered disad- 
vantageous to the immature red cells. A similar 
situation pertains to serum thyroxine-binding pro- 
tein, the levels of which increase in myxedema 
(43). Thus, this transport 


and in» pregnancy 


protein also appears to compete with tissues for 


the transported metabolite (44). It is, of course, 
possible that the levels of these two proteins are 
homeostatically adjusted primarily with respect 
to achieving maximum loading rather than un- 
loading of iron and thyroxine, respectively. 

The reticulocyte membrane acts in a role inter- 
mediate between the stage of plasma transport 
and heme synthesis, as suggested by Walsh and 
his associates (15), and may be considered the 
site of an iron-trapping mechanism. It is clear 
that IBP, with a biological half-life of at least 
12 days (45), is not consumed during the cellular 
utilization of iron, which normally is half-cleared 
from the plasma in less than two hours. Al- 
though theoretically iron may be released from 
IBP by reduction, a drop in pH, or removal of 
HCO,-, it is also clear from the studies with 
EDTA reported here that, in transfer, iron is not 
released from IBP for any appreciable time or 
distance as a free ion but is directly and inti- 
mately transferred from IBP to the reticulocyte 
membrane. No evidence was obtained that IBP 
itself entered or became attached to the surfaces 
of the reticulocytes, although a momentary phys- 
ical interaction of this sort would be hard to ex- 
clude. It is probably more reasonable to assume 
that IBP molecules in close proximity to the re- 
ticulocyte membrane relinquish iron to specific 
iron-binding receptors on the cell surface. Con- 
sistent with this explanation is the finding of a 
competition between IBP and reticulocytes for 
iron, in vitro, and the striking inability of reticulo- 
cytes to take up iron from IBP after these cells 
had been exposed to very small concentrations of 
trypsin and chymotrypsin. It is not possible to 
assign any specificity to this action of trypsin 
except to note that extremely low concentrations 
of trypsin were effective, and that the respira- 
tory and glycolytic activities of the reticulocytes 
were unaffected by these concentrations. Al- 
though trypsin readily lyses the neuraminic acid 
group of substances, such as occur prominently 
on red cell surfaces (34, 46), the comparatively 


L. 


SIMMONS, AND D. W. ALLEN 


weak effect of “receptor-destroying enzyme” and 
of periodate in inhibiting iron uptake by reticulo- 
cytes indicates that the iron receptors of red 
cells are not identical with those red cell receptors 
which react with many viruses and which con- 
sist primarily of n-acetylneuraminic (sialic) acid 
(34, 47, 48). The inability to remove more than 
5 or 6 per cent of the Fe®® from reticulocyte 
membranes with high concentrations of IBP or 
EDTA is presumably attributable to the rapid 
incorporation of membrane iron into undissociable 
complexes. 

It is difficult to say whether immature red cells 
differ from mature red cells in their ability to 
trap iron because immature red cells possess 
unique receptors or because they alone are able 
to metabolize membrane iron further, leaving 
such receptors continually unsaturated. Tishkoff, 
Robscheit-Robbins and Whipple have shown that 
the red cell stroma of dogs contains 12.4 yg. of 
iron per ml. red cells and that most of this is 
hemin iron (49). Human mature red cell stroma 
was found by Tishkoff normally to contain less 
than 1 pg. of nonhemin iron per ml. red cells, al- 
though in certain patients with erythroblastemia 
stromal iron levels were distinctly higher (50). 
The concentration of iron in the stroma of im- 
mature red cells at various stages of development 
is not known, but it is known by optical micro- 
scopy and, recently, by electron microscopy (21, 
22) that the stroma of immature red cells, includ- 
ing reticulocytes, normally contains numerous 
iron-rich granules. Many of these granules have 
the aspect of ferritin (1) by electron microscopy 
(21, 22). It thus seems reasonable to suppose 
that in its stromal phase iron may exist in part 
in the form of ferritin, although, using chemical 
methods, we have been unable to demonstrate 
this. Nevertheless, it is probable that the pro- 
portion of iron localizing in the reticulocyte mem- 
branes’ in the experiments reported here far ex- 
ceeds that which occurs in vivo. Whereas the 
mechanism for trapping iron remains relatively 
intact for several hours in vitro, it is presumed 
that the mechanisms for metabolizing the iron 
further partially break down. 

Certain bacteria and smut fungi which re- 
quire iron for the synthesis of cytochrome C and 
other iron-containing substances produce organic 
compounds with a strong affinity for iron when 
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grown in an iron-deficient medium’? (51). It 
is believed that these organic compounds serve 
as carriers for the transfer of ferric ions from 
the medium into the bacterial cell for use in heme 
synthesis (51) and are analogous to the mineral- 
dissolving organic compounds excreted by cer- 
tain higher plants capable of growing on rocks 
(52). Neilands (51) found several compounds 
which, when added to simple media, served to 
render iron available for bacterial utilization; 
these included citric acid and fructose-phenylala- 
nine. The function of the latter in this respect 
is of interest, since red cell membranes contain 
ketose-amino acids (46) and since Borsook and 
his associates (53, 54) have reported that ketose- 
amino acids stimulate the incorporation of amino 
acids into the proteins of reticulocytes when added 
in the presence of iron. In order to examine the 
possibility that ketose-amino acids participate in 
the transfer of iron from IBP to immature hu- 
man red cells, fructose-phenylalanine, fructose- 
glycine and fructose-glutamine were prepared by 
the method of Abrams, Lowy and Borsook (55). 
The effect of various concentrations of these sub- 
stances on Fe** uptake from Fe*®® IBP by suspen- 
sions of mature red cells, of immature red cells 
and of trypsinized immature red cells was then 
assessed. In no instance was there an accelera- 
tion of iron uptake or of iron incorporation into 
hemoglobin by these cells. These negative find- 
ings fail to support, but do not exclude, the pos- 
sibility that such compounds, in proper steric 
arrangement, may function as iron-binding or iron- 
carrying components of the membranes of im- 
mature red cells. It is reasonable to suppose that 
the iron-binding substances manufactured by iron- 
deficient bacteria and fungi are designed merely 
to render inorganic iron in the surrounding me- 
dium soluble and diffusible, and that the evolution 
in animals of cell receptors capable of directly 
removing iron from IBP supplanted that mecha- 
nism. Bacteria, on the other hand, ordinarily 
have no need for such receptors, and indeed do 


10 Interestingly, the smut fungus, U. sphaerogena, be- 
comes pale and releases iron-binding compounds into 
the medium when the iron concentration of the medium 
falls to levels similar to those in the sera of iron-deficient 
patients (25 wg. per cent); these compounds disappear 
when the iron concentration is raised to that of normal 
sera (> 100 wg. per cent) (51). 
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not possess them, as indicated by their inability 
to utilize conalbumin-bound iron (9). 

Since the uptake of Fe°® from Fe®® IBP was 
only moderately diminished by anoxia in vitro, 
it is improbable that iron transfer is directly de- 
pendent upon oxidative mechanisms. However, 
the effect of temperature upon iron uptake by re- 
ticulocytes, with striking inhibition of uptake at 
temperatures only a few degrees above or below 
37° C., is suggestive of an active metabolic mecha- 
nism.'!_ This conclusion is supported by the find- 
ing that iron uptake was stimulated by the pres- 
ence of glucose and was readily inhibited by a num- 
ber of agents which block intermediary carbohy- 
drate metabolism, including cyanide, azide, fluoride, 
arsenate, 2,4-dinitrophenol and 2,4-dinitrophenyl- 
phenol. Immature red cells are well known to be 
metabolically active, and reticulocytes have been 
shown to possess numerous enzymes, including 
various elements of the tricarboxylic acid cycle 
(57), and these are situated at least in part in the 
cell membrane (57, 58). Since hemolysis was 
found here to block the transfer of Fe®* from Fe®® 
IBP to reticulocytes, it is of interest that Hofmann 
and Rapoport (59) found that the respiration of 
reticulocytes in vitro was considerably reduced by 
hemolysis, probably by disruption of the tricar- 
boxylic acid cycle. One 
clude that the uptake of iron by immature red cells 
is dependent at some stage upon metabolic en- 
ergy, although this energy may not be directly 
required for the actual transfer of iron from 
IBP. 
iron uptake from IBP by immature red cells 
Saltman, 


may reasonably con- 


In its dependence upon metabolic energy, 


rat liver slices. 


\lex (60) have reported 


differs from that by 
Fiskin, Bellinger and 
that rat liver slices accumulate iron against a 
concentration gradient, and that this accumulation 
is unaffected by metabolic inhibitors. However, 
the iron employed in those studies was not bound 
to IBP, and the findings are more analogous to 
those described here with red cells in which un- 
bound iron was used. 

The fact that appropriate concentrations of 


11 Although calculation of the heat of activation of a 
g 


complex and incompletely-understood reaction as is in- 
volved here is very crude, the value for heat of activation 
calculated from the data in Figure 6 is within the range 
encountered in ‘“‘active metabolic” or “enzymatic” reac- 
tions (56). 
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lead block iron incorporation into the hemoglobin 
of reticulocytes without blocking the cellular up- 
take of iron from IBP indicates that the rate of 
transfer of iron from IBP is not directly de- 
pendent upon the rate of heme synthesis. Fur- 
thermore, these studies indicate that under these 
conditions lead-poisoned reticulocytes tend to ac- 
cumulate nonhemoglobin iron on the cell mem- 
branes. Direct electron-microscopic evidence of 
iron accumulation in the stroma of immature red 
cells in lead poisoning has recently been reported 
by Bessis and Breton-Gorius (61). The finding 


here that blocking heme synthesis with lead 


caused an accumulation of iron in the reticulo- 
cyte membrane rather than in the water-soluble 
phase of the cell interior also indicates that, 
whereas the uptake of iron by the immature red 
cells may not be dependent upon heme synthesis, 
the release of iron from the membrane into the 
cell interior may be so dependent. 

The failure of anoxia to stimulate iron uptake 
by reticulocytes in vitro (indeed its mild inhibi- 
tory effect) is in accord with observations of 
others that the maturation of immature red cells 
(62) and their incorporation of iron into heme 
(63) are somewhat inhibited, rather than stimu- 
lated, by anoxia. Thus, in terms of the ability of 
immature red cells to take up iron, to incorpor- 
ate iron into heme and to mature morphologically, 
there is no evidence of a direct anoxic stimulus to 
red The possibility that the 
rate of uptake of iron from IBP by reticulocytes 


cell metabolism. 
in vitro is influenced by the presence of a plasma 
erythropoietic factor seems theoretically remote, 
since, in rabbits, this factor appears to act by 
stimulating cell division rather than the rate of 
maturation or hemoglobin metabolism (64). In- 
deed, it is characteristic of the active erythro- 
poietic response to acute anoxia that the increase 
of red cells exceeds that of hemoglobin. Never- 
theless, in an attempt to explore this possibility, 
the uptake by rabbit reticulocytes of Fe*®® bound 
to rabbit plasma was measured in the presence of 
large volumes of plasma drawn before, and two 
days after, strenuous bleeding of the same rab- 
bits. As determined by the Fe*® uptake and 
measurement of the iron content of the plasmas, 
there was no difference in the iron uptake by 
reticulocytes in the presence of “anemic” plasma 
as compared to “nonanemic” plasma. 
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To recapitulate the above, it is suggested that 
the utilization of iron by immature red cells can 
be separated into three phases: 1) Iron bound 
to IBP is transferred by competitive binding to 
specific receptors on the cell surface. These re- 
ceptors may be effaced by certain proteolytic en- 
zymes. 2) The functioning of these receptors is 
dependent upon metabolic energy, possibly for 
synthesizing receptors or for facilitating the re- 
lease of iron from the receptors into the cell 
interior. This phase may be blocked by various 
inhibitors of 3) Iron is 
then incorporated into hemoglobin, presumably 
under the control of the microsomes and mito- 
chondria of the cytoplasmic reticulum.%? This 
stage may be blocked by low concentrations of 
lead. 

It is of great interest that trivalent cobalt is 
bound by IBP in a manner comparable to iron. 
Cobalt, like iron, is capable of forming reversible 
combinations with molecular oxygen, when in the 
cobaltous state and linked to histidine (66). Its 
position in the porphyrin ring of the vitamin B,, 


oxidative metabolism. 


molecule is analogous to that of iron in heme. 
Finally, it has the unique but still obscure capacity 
to stimulate erythropoiesis. It was found possible 
to substitute cobalt for iron in the interaction be- 
tween IBP and the reticulocyte surface. How- 
ever, the highly oxidant milieu needed for chela- 
tion of cobalt by IBP probably does not exist 
Nor was it possible to produce 
polycythemia in rats repeatedly given cobalt com- 
bined with rat IBP in vitro. Finally, the fact 
that free Co**, unlike iron and chromium, is it- 
self taken up by immature red cells with greater 
avidity than by adult red cells may be more per- 
tinent to the mechanism of cobalt polycythemia 
than the reactions between cobalt and IBP. 


physiologically. 


SUMMARY 


Iron bound to purified human iron-binding pro- 
tein (IBP) or to conalbumin, the iron-binding 

12 Although the nucleated red cells of birds have been 
widely employed in studies of heme synthesis, it has been 
clear for some time that the basophilic reticulum of the 
cytoplasm of immature red cells, not the nucleus, is the 
sine quo non of hemoglobin formation (65). As shown 
by Jensen and his associates (19) suspensions of avian 
red cells synthesize hemoglobin in vitro only in propor- 
tion to the concentration of reticulum-containing cells. 
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protein of egg white and of avian plasma, is 
readily and preferentially transferred to immature, 
but not to mature, mammalian red cells. Iron 
transfer is dependent upon the extent of saturation 
of IBP, and there exists a competition for iron 
between IBP and iron-binding receptors on the 
reticulocyte membrane. These cellular receptors 
are destroyed by certain proteolytic enzymes. 
Iron appears to be directly transferred to these 
receptors without existing in a free form; and 
iron once bound to reticulocyte membranes is not 
exchangeable with free iron and cannot be eluted 
with high concentrations of IBP or of ethylene- 
diaminetetraacetic acid (EDTA). 

The transfer of IBP-iron to immature red cells, 
unlike the adsorption of free iron, is related to 
metabolic energy-producing processes. Thus, it 
is accelerated by glucose and oxygen and is dimin- 
ished or blocked by low concentrations of meta- 
bolic inhibitors, by nonphysiologic temperatures 
and by hemolysis. The uptake of iron is not 
primarily linked to heme synthesis. Appropriate 
concentrations of Pb** blocked iron incorporation 
into heme by reticulocytes without reducing iron 
transfer, thus causing a pile-up of iron on the cell 
membranes. 


Unlike reticulocytes, rat liver slices;take up iron 


in appreciable amounts only at high IBP satura- 
tions. The transfer of iron from IBP to liver 
slices is not dependent upon metabolic energy and 
iron accumulated by liver slices can be eluted 
with unsaturated IBP. 

Although free iron is usually bound equally by 
mature and immature red cells, free cobalt is 
more avidly bound by the immature cells. Triva- 
lent cobalt, which forms colored chelates with 
purified IBP as does iron, also is bound by the 
IBP of whole plasma. Cobalt bound to IBP 
can, to a limited extent, be transferred prefer- 
entially to reticulocytes. However, the combina- 
tion of Co*** and IBP probably does not occur 
under physiologic conditions and is probably not 
involved in the induction of cobalt polycythemia. 
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Marked hyperlipemia, involving all lipid frac- 
tions, is a regularly noted observation in the 
nephrotic syndrome (1). In contradistinction, the 
serum lipid concentration is believed to be almost 
unaffected in early stages of acute glomerular 
nephritis, even though one can find data in the 
literature that indicate that increased concentra- 
tions of serum cholesterol may rarely be noted 
(1-5). As a consequence of continued interest in 
the pathogenesis of the nephrotic hyperlipemia (6) 
we have, during the past 10 years, obtained data 
on serum protein and/or albumin, cholesterol and 
/or total lipid concentration in 111 unselected cases 
The results of 
these studies will be presented and discussed in 
this communication. They indicate that the afore- 
mentioned contention can no longer be accepted 
without modification. 


of acute glomerular nephritis. 


METHODS AND MATERIAL 


Serum protein and albumin were determined according 
to the method of Weichselbaum (7). For the determina- 
tion of total lipids and cholesterol in serum, the methods 
of Wilson and Hanner (8), and Schoenheimer and Sperry 
(9), respectively, were used. All samples were obtained 
after an overnight fast. 

From 1948 to 1957, 248 children suffering from acute 
glomerular nephritis were admitted to Babies and Chil- 
dren’s Hospital. The diagnosis was made on the basis 
of a preceding history of infection, the finding of pro- 
teinuria with hematuria, with or without fever, edema, 
hypertension and azotemia, and a benign course of the 
disease ending in cure. In 111 of these, chemical data 
were obtained which provide the material for our re- 
port. By chance, not by selection, neither cholesterol 
nor total lipid values were obtained at any time in the 
remaining 138 patients. No indication to obtain serum 
protein and lipid values prevailed except a well estab- 
lished diagnosis of acute glomerular nephritis, regard- 
less of severity. 


* Supported by grants from the National Institutes of 
Health, United States Public Health Service (A-44), and 
the Northern Ohio Chapter of the National Nephrosis 
Foundation. 


Nose and throat cultures were obtained in all but 11, 
and 31 of these yielded beta hemolytic streptococci. 
Three of these were typed 1 and were of the nephritogenic 
Type 12. Antistreptolysin “O” titers were obtained in 
36 children. Thirty-one of these were greater than 333, 
the remaining five varied between 166 and 250. Forty- 
six children were re-examined more than four weeks af- 
ter onset. Twenty-five of these were seen two to eight 
years after onset of the acute disorder. Urine examina- 
tions were negative in all. None of the remaining 65 
children has been re-admitted with a relapse or with 
chronic renal disease. The age distribution of these 111 
patients is charted in Table I. It is in agreement with 
previously established (1, 10) figures in that 75 per cent 
of the patients were older than four years of age, whereas 
in the nephrotic syndrome of unknown etiology the ma- 
jority of the children are less than four years of age. 

One hundred twenty-three children, 1 to 15 years of 
age, in whom either cholesterol, total lipids and/or serum 
protein and albumin values had been obtained, served as 
controls. Of these, 98 were free of infections. They had 
been admitted because of psychiatric, neurologic, allergic, 
orthopedic or ophthalmologic problems. In the 25 ad- 
ditional children of this group, blood was obtained during 
a febrile episode in 14, and 1 to 12 days after fever had 
subsided in 11. One of these patients had typhoid fever, 
two were febrile with rheumatoid arthritis and the re- 


TABLE I 


Age distribution of 111 children with acute 
glomerular nephritis 








Per cent 


eae ON ee ee at ee ee ae 
OS CoWNSwWHE SOO 


1 We are indebted to Dr. Floyd W. Denny from the 
Departments of Preventive Medicine and Pediatrics for 
carrying out the typing. 
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ACUTE GLOMERULAR NEPHRITIS 


TABLE II 


Distribution of serum protein and serum albumin values in children with acute glomerular nephritis* 
and controls (with and without infections) 








Acute glomerular 
nephritis 

No. of Per 

cases cent 


Controls 


With infections 


No. of Per 
cases cent 


Without infections 
No. of Per 
cases cent 





Serum protein 
Range of values 50 


or 
/0 


Serum albumin 
Range of values 


Gm. % 


—rmowrun 
RI wWHUAD 


16 42 


* First values obtained 6 to 24 days after onset of disease. 


t Two and one-half year old male, typhoid fever. 
intake of food. 


maining 23 had upper respiratory infections of viral or 
bacterial origin. All were free of renal complications, in 
good state of nutrition, with the exception of the two 
and one-half year old patient with typhoid fever indi- 
cated in Table IT. 


RESULTS 


Serum protein values were obtained in 50 and 
serum albumin values in 34 cases of acute glo- 


merular nephritis. The first value, obtained 6 to 
24 days after onset of the disease, is presented in 
Table II. These values can be compared with 
corresponding values obtained in 58 controls, 16 
of whom had, or recently had had, one of the 
quoted infections. It can be seen that serum pro- 
tein and albumin values below lowest values ob- 
tained in the controls were noted in over 20 per 
cent of the children with glomerular nephritis. 
More than one determination was obtained in 16 
of these children. Figure 1 represents all values 
obtained in this group of children, and relates 
these values on the abscissa to the onset of the 
disease. It can be seen that hypoproteinemia and 
hypoalbuminemia were most marked 2 to 15 days 
after onset and persisted as long as 23 days after 
first symptoms of nephritis were observed. 

Values for serum total lipids were obtained in 


Value of 2.6 Gm. % obtained after three weeks of fever and poor 


37 children with acute glomerular nephritis and 
32 controls. Of the control subjects, 25 were free 
of any detectable infections, whereas seven had, 
or recently had suffered, a febrile illness. Table 
III shows that 43 per cent of the patients suffer- 
ing from acute nephritis had on first measurement, 
6 to 24 days after onset of the disease, higher total 
lipid values than were ever obtained in control 
subjects. A similar figure of 40 per cent is ob- 
tained from Table III as far as serum cholesterol 
concentration in the nephritic group of children is 
concerned. The 
results yielded for total lipids as well as for cho- 
lesterol a value for p of < 0.01. More than one 
determination was obtained in 21 of these children. 
Figure 2 
group of children and relates the serum lipid and 
cholesterol concentration (ordinate) to the onset 
of the disease (abscissa). 
total lipid values may be increased as early as two 
days and cholesterol concentration as early as 
four days after onset. 
tained one to three weeks after the first symptoms 
As a rule, initially ele- 


statistical evaluation’ of these 


represents all values obtained in this 


It may be seen that 


Highest values were ob- 


of nephritis were noted. 
vated lipid and cholesterol values reached normal 


levels four weeks after onset. Repeated serial de- 
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Fic. 1. Serum ProreIN AND SERUM ALBUMIN VALUES (GM. %) OBTAINED IN 50 AND 
34 CHILDREN, RESPECTIVELY, WITH ACUTE GLOMERULAR NEPHRITIS 


Shaded area represents values obtained in 58 and 53 control children, respectively. 


TABLE III 


Distribution of serum total lipid and cholesterol values in children with acute glomerular nephritis* 
and controls (with and without infections) 


Controls 


Acute glomerular solaSoatleelarcos 
nephritis Ww ith infections Ww rithout infections 


No. of ~ Per r 

cases cent 
Serum total lipids 
Range of values 


mg. T 


2,000—2,500 
1,000-1,500 
900—1,000 
800- 900 
700- 800 
600- 700 
500- 600 
400- 500 
300- 400 


Serum cholesterol 
Range of values 
mg. Yo 
300— 400 
260— 300 
200— 260 
150—- 200 
100— 150 
50- 100 








* First values obtained 6 to 24 days after onset of disease. 
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Fig. 2. 
CHILDREN, RESPECTIVELY, WITH 


Shaded area represents range of normal 
dren, respectively. 


terminations were obtained in three patients and 
their values are reproducd in Table IV. It can be 
seen that in Patient No. 2 serum cholesterol con- 
centration was still increased three months after 
onset, and that in Patient No. 1 cholesterol and 
total lipid values had not returned to normal val- 
ues eight months after onset even though urine 
examination did not reveal any abnormality at 


AFTER ONSET 


ToraL Lipip AND CHOLESTEROL VALUES IN SERUM (MG. 


eos a ae 
YEARS 


50 eo 1 2 


%) oF 37 anv 55 
AcuTE GLOMERULAR NEPHRITIS 


values obtained in 32 and 113 control chil 


this time. In Patient No. 1 total lipid values were 
still markedly elevated one month after onset. It 
is worthy of note that these increased values for 
serum lipids were obtained at a time when serum 
protein and albumin values had returned to nor- 
mal three to six months previously. 

Table V lists the distribution, mean and median 
values for serum cholesterol and total lipid con- 


TABLE IV 


Behavior of serum protein, serum albumin, serum cholesterol and total lipids in three children with acute 


glomerular nephritis followed up to eight months after onset 





Weeks after onset 





Patient No. 1 
Serum protein (Gm. %) 
Serum albumin (Gm. %) 
Cholesterol (mg. %) 
Total lipids (mg. %) 


Patient No. 2 
Serum protein (Gm. 
Serum albumin (Gm. 
Cholesterol (mg. %) 
Total lipids (mg. %) 


%) 


%) 


Patient No. 3 
Serum protein 
Serum albumin (Gm. 
Cholesterol (mg. %) 
Total lipids (mg. %) 


(Gm. %) 
07 ) 
1 


6.0 
3.4 
270 
960 


6.3 
Re | 
391 
1,340 


Months after onset 


3 5 


7.6 
5.0 
270 
900 


6.9 


290 
1,100 
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TABLE V 


Bacteriologically and/or serologically confirmed cases of 
acute glomerular nephritis 


Acute glomerular 


nephritis Controls 


No. of Per 
cases cent 


No. of Per 
cases cent 
Serum total lipids 
Range of values 37 32 


ford 


mesg. 
300— 400 
400- 500 
500— 600 
600—- 700 
700— 800 
800— 900 
900—1,100 
1,100—1,500 
1,500—2,000 
2,000—2,500 


SN 


OOD Uwe 


—NmoO 


Average (mg. % 
Median (mg. Y%) 


Serum cholesterol 
Range of values 
mg. To 

90 100 
100 150 
150— 200 
200- 250 
250— 300 
300-— 350 
350— 400 
400-— 450 


NK NN 


Average (mg. %) 
Median (mg. %) 


centration obtained in 47 to 37 cases, respectively, 
in whom the diagnosis of acute glomerular ne- 
phritis was supported by positive throat cultures 
for beta hemolytic streptococci or by antistrep- 
tolysin titers greater than 333. A statistical eval- 
uation of this material reveals that total lipid as 
well as cholesterol values were more frequently 
higher than normal in the serum of the nephritic 
patients (p < 0.01). 


DISCUSSION 


It should be pointed out that the 111 cases of 
glomerular nephritis in whom serum protein and/ 
or albumin, cholesterol and/or total lipid values 
were obtained represented a group of unselected 
cases of acute glomerular nephritis. 

Doubt could arise as to whether or not the 
diagnosis of acute glomerular nephritis was cor- 


rect in every case studied. The usual criteria for 
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the diagnosis were used as outlined before. None 
of the cases used in this study has to our knowl- 
edge relapsed or shown evidence of chronic re- 
nal disease. Bacteriological and serological tests 
obtained in support of the diagnosis and re-exami- 
nations performed have been previously mentioned. 
From the 39 patients with acute glomerular ne- 
phritis that had increased cholesterol or total lipid 
values during the acute phase of the disease, 26 
(67 per cent) were re-examined more than two 
Twelve were 
seen two months to one year after onset, and 14, 
one to nine years after onset. Negative urine ex- 
aminations, normal blood pressure readings, blood 
urea nitrogen (BUN) values and red blood cell 
sedimentation rates obtained in all. If 
doubts were to be maintained as to whether or not 
a case of nephrosis may have been included in our 


months after onset of the disease. 


were 


series, it should be pointed out that statistically 
significantly higher serum cholesterol and total 
lipid values were also obtained in the 47 cases of 
nephritis that were bacteriologically or serologi- 
cally supported by either positive throat cultures 
for beta hemolytic streptococci or antistreptolysin 
“O” titers greater than 333. 

Hypoproteinemia and hypoalbuminemia in early 
phases of glomerulonephritis have been described 
by others prior to this study (11-13). The degree 
of proteinuria in acute glomerular nephritis is 
usually not severe enough to explain satisfactorily 
the depletion of plasma proteins. Hydremia has 
been noted in the edematous stage of this dis- 
order (12, 14). At least in part, this may play 
a role in the pathogenesis of hypoproteinemia and 
hypoalbuminemia of acute glomerular nephritis. 

We believe that our studies have shown that a 
mild to moderate degree of hyperlipemia may be 
noted in 40 to 43 per cent of children suffering 
from acute glomerular nephritis. The finding of 
moderately increased serum cholesterol or total 
lipid values thus no longer should exclude the diag- 
nosis of acute glomerular nephritis. Hyperlipemia 
is almost invariable in children with the nephrotic 


syndrome.’ 


2At a recent “Yearly Conference on the Nephrotic 
Syndrome” the participants were asked whether they had 
ever seen a child in the active phase of the disease with- 
out hyperlipemia. None of them had. The combined 
experience of these participants must have comprised 
more than 500 cases. In our own experience with 219 
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It has been proposed (15) that in the nephrotic 
syndrome hypoalbuminemia plays a causal role in 
the elicitation and maintenance of the nephrotic 
hyperlipemia. An evaluation of the data pre- 
sented in this communication, obtained in chil- 
dren suffering from acute glomerular nephritis, 
reveals that of 35 total lipid values that were 
above normal range, 12 were obtained in children 
in whom serum albumin values were lower than 
normal, whereas 23 (65 per cent) were noted in 
children with normal serum albumin values. Of 
16 hypercholesteremic values, nine had hypoal- 
buminemia whereas the remaining seven (or 44 
per cent) were obtained in sera with albumin con- 
centrations within normal range. 
further that the nephritic hypoalbuminemia may be 
due to a great extent to hydremia rather than to 
urinary losses of albumin, we doubt that our data 
support the hypothesis (15) of a causal relation- 
ship between hypoalbuminemia and hyperlipemia. 


Considering 


Both hypoalbuminemia and hyperlipemia, when- 
ever noted in acute glomeruler nephritis, are less 
severe than in the nephrotic syndrome. If, how- 
ever, hypoproteinemia and hyperlipemia may oc- 
cur in early stages of acute glomerular nephritis, 
and if for a few days proteinuria, edema and 
ascites may in some of these children be marked, 
a mild and transient nephrotic syndrome then may 
be noted. Six of our 111 cases presented this 
picture. Inasmuch as hematuria no longer serves 
as a valuable aid in the differential diagnosis be- 
tween nephritis and nephrosis (1, 10, 16, 17), 
other procedures have to be resorted to. Bac- 
teriological and serological tests have proved their 
value in supporting the diagnosis of glomerular 
nephritis from an etiological point of view. Nose 
and throat cultures are of obvious importance if 
they yield beta hemolytic streptococci (18). The 
type specificity of these organisms for nephritogenic 
strains can be determined and can be most helpful. 
Antistreptolysin “O” titers yield low values in the 
nephrotic syndrome and are usually greater than 
333 in acute glomerular nephritis. In single in- 
stances one might have to wait for the course of 
the disease to decide the diagnostic problem. In 


acute glomerular nephritis a benign course would 


children suffering from the nephrotic syndrome and seen 
during the last 26 years at Babies and Children’s Hospital, 
hypercholesteremia and/or hyperlipemia was noted in 
every instance. 
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be expected, while in nephrotic children with 
hematuria a benign course with rapid clearing 
would be most unusual. 


SUMMARY 


1) In 111 children suffering from acute glo- 
merular nephritis, serum protein, albumin, chol- 
esterol and total lipid values were obtained dur- 
These were com- 
pared with corresponding values obtained in 123 


ing early stages of the disease. 
controls of similar age. Twenty-three of these 
had recent infections, while 98 had been free of 
infection and were free of any condition that con- 
ceivably may have an effect on serum protein or 
lipid concentration. 

2) Lower values for serum protein and al- 


bumin concentration than any obtained in the 


controls were noted in 20 per cent of the nephri- 
tic group. 
buminemia were most marked 2 to 15 days after 


In these, hypoproteinemia and al 


onset and persisted for as long as 23 days. 

3) Higher values for serum cholesterol and 
total lipid concentration than any obtained in the 
control group were noted in 40 per cent and 43 
per cent, respectively, of the children with acute 
glomerular nephritis. This mild to moderately 
severe hyperlipemia may be observed as early as 
two to four days after onset and the highest 
values were obtained one to three weeks after 
first symptoms of the disease had been noted. A 
return to normal levels was usually observed 
after four weeks, though some took as long as 
three to eight months to reach the normal range. 

4) The presence of mild to moderately severe 
hyperlipemia should no longer be considered to 
exclude acute glomerular nephritis. Bacterio- 
logical and serological confirmation of the diag 
nosis of glomerular nephritis by obtaining nose 
throat a 


titers is recommended. 


and cultures and antistreptolysin 
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Gamble and associates’ work on the mecha- 
nism of action of acidifying salts (1, 2) originated 
the impression that the increase in renal excre- 
tion of ammonia in response to acidosis of several 
days’ duration might be related to the loss of so- 
dium and water induced by the first doses of the 
drug (3). This impression has never been ade- 
quately substantiated or disproven over the last 
three decades. In 1952 Peters (4) thus sum- 
marized his views on this matter: “The precise 
stimulus for the secretion of ammonia has not 
yet been identified. . . . The impression is given 
that it is substituted for sodium only after a cer- 
tain amount of this base has been sacrificed and 
continues to be secreted until the normal supply 
of sodium in the body has been restored.” 

Pitts (5) admitted the same possibility while 
postulating that an increased secretion of adrenal 
cortical hormones, stimulated by sodium depletion, 
was the mechanism whereby ammonia excretion 
increased when ammonium chloride was given to 
rats. 

The degree of acidosis does not seem to be the 
main regulating influence (6) because in Gamble’s 
experiments ammonia excretion continues to in- 
crease even after the acidosis has reached its 
maximum, and maximal values of ammonia ex- 
cretion occur while extracellular acidosis is being 
reversed. Many years ago Briggs (7, 8) ex- 
pressed the opinion that renal excretion of am- 
monia had nothing to do with regulation of acid- 
base balance of the “milieu interieur,”’ and that it 
served the only purpose of avoiding the harmful 
action of an excessively acid urine on the walls of 
the urinary tract. His views were based on ex- 
periments in which sodium sulfate solution was 


* This paper is based on a thesis accepted as part of the 
requirement for the Professorship of Medicine at the 
University of Bahia, Bahia, Brasil. The work was aided 
by a grant from the Conselho Nacional de Pesquisas (Na- 
tional Research Council), Brasil. 


infused into dogs with subsequent increase in the 
excretion of ammonia in a urine of low pH, al- 
though there was no sodium or water depletion. 
Comparable findings had been reported by Hen- 
drix and Sanders (9), and were recently demon- 
strated by Schwartz, Jenson and Relman (10). 
However, all those experiments in which an in- 
crease in ammonia excretion could be demon- 
strated in the absence of sodium and water de- 
pletion were of short duration (minutes to hours). 
It is very likely that this immediate increase in am- 
monia excretion results from the passage of pre- 
formed ammonia from within the tubular cells 


into the tubular lumen (11). The slow and step- 


wise increase in ammonia excretion over the pe- 
riod of several days, such as was seen in Gamble’s 
experiments and subsequently confirmed by many 


others, seems to result from an intensified activity 
of ammonia-forming enzymes of the tubular cells 
(12), and might well be controlled by factors 
different from those which determine the release 
of preformed ammonia. 

The following experiments were planned to in- 
vestigate whether the depletion of sodium and wa- 
ter which follows the ingestion of acidifying salts 
is an indispensable factor in determining the coin- 
cident increase in urinary ammonia excretion. 

Our results demonstrate that even in the ab- 
sence of depletion of the subjects’ own reserves 
of sodium and water, acidosis induced by ammo- 
nium chloride ingestion is accompanied by a step- 
wise increase in urinary ammonia, comparable to 
that seen in the experiments of Gamble, Blackfan 
and Hamilton (2) and of Sartorius, Roemmelt and 
Pitts (13). 
excretion does contribute to the economy of fixed 


Although the increase in ammonia 


cation, it is not the state of water and sodium de- 
pletion which constitutes the stimulating agent 
for the increase in activity of ammonia-forming 


enzymes of the renal tubular cells. 
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TABLE I 


Effect of ammonium chloride on electrolyte metabolism 


Urine 


Body Titr. 
weight* Vol. acid 


Ammonia 


ml./day 
1,620 
2,920 
3,660 
3,280 
4,100 
3,480 
210 


Kg. 
56.00 
57.80 
57.65 
57.25 
57.35 
56.65 
56.35 z=: 
56.45 


16.64 
16.84 
27.2 
56.5 
60.2 
57.14 


—_ 


120.56 
133.08 


COND Ue Whe 


Plasma* 


Total 
COs 


Net = K* Na+ K+ 





mEq./ 
day 
64.8 
77.7 
71.7 
75.4 
96.4 
94.0 
86.7 


mEq./ 
day 
392.8 
695.0 
702.7 
705.2 
820.0 
631.6 
680.5 


mEq./ mEq.| mEq./ mEqg./ 
| L. L. £. 


102. 140 4.1 


142 
142 
148 


104 
109 
111 
117 

143 


* Values in these columns were obtained at the beginning of each experimental day. 
¢ 10 Gm. of ammonium chloride was administered orally on each day starting on the fourth day. 


MATERIAL AND METHODS 


Five healthy adults, aged 22 to 29 years, were main- 
tained on a constant and adequate diet for a period of 
seven days, during which they ingested 2.5 L. of a solu- 
tion containing 9 Gm. per L. of sodium chloride and 2.3 
of sodium bicarbonate. In addition, the sub- 


constant amount of distilled water, 


Gm. per L. 
jects drank a 
was always more than 1 L. per day. 

The first three days of each experiment were taken as 
controls. From the fourth through the seventh day of 
each experiment, while still on the same diet and drink- 
ing the same amount of the above described solution, the 
subjects were given orally 10 Gm. of ammonium chloride 


which 


daily, in four equally divided doses. 
The urine was carefully collected 
24 hour periods, and on each specimen the following de- 
terminations were done: 7) volume per 24 hours, ex- 
pressed in milliliters; 2) pH, measured with a “Cam- 
bridge” pH meter, Research Model; 3) titratable acidity, 
by Henderson and Palmer’s method, as described by 
Consolazio, Johnson and Marek (14); 4) ammonia, by 


under toluene for 


TABLE 


Conway's method (15); 5) chlorides, by Van Slyke and 
Hiller’s method, as described by Hawk, Bernard and 
Summerson (16); 6) sodium, measured with a “Baird” 
flame photometer, using an internal standard of lithium 
sulfate; and 7) potassium, same as for sodium. Values 
referring to concentration of ammonium, titratable acidity, 
chloride, sodium and potassium are expressed in mEq. per 
day. 

Blood samples were taken at the beginning of Days 
1, 4, 5, 6 and 7, and by the end of the seventh metabolic 
day. All specimens were taken from the veins of the 
metacarpal region after immersing the forearm in water 
at 46° C. for 20 minutes. One aliquot of blood was 
handled under anaerobic conditions and mixed with hepa- 
rin. On the plasma separated from that blood, total 
carbon dioxide content was measured in a manometric Van 
The rest of the blood was allowed to 
On the se- 


Slyke apparatus. 
clot in contact with air in another test tube. 
rum separated therefrom, chloride, sodium and potassium 
concentrations were measured. The methods were the 


same as for the respective urine determinations. 


II 


Effect of ammonium chloride on electrolyte metabolism 


Urine 


Titr. 


Body 
acid 


weight* Ammonia 


mEq./ / 
day 
40.75 
39.69 
46.03 
56.09 
62.78 
105.80 
126.64 


mEq 
day 
10.51 
9.23 
18.68 
30.34 
43.09 
48.51 
49.06 


2: 
85 
.00 
50 
.30 
30 
95 
.90 


me OI we Ww ho ba 


sis ss) 7 7) 4) 


Plasma* Serum* 


Total 
CO2 


Na* _ 


cr K* Cl 
mEq./ 
day 
88.8 
60.6 
65.0 


mEq./ 
} ae 


104 


mEq./ 
L. 


146 


mEq./ mEq.| 
day LE. 

479.8 
562.9 
716.2 
936.0 
780.3 
827.5 
794.3 


a 
L. 


24.6 


28.5 


19.8 


756.0 18.4 





* Values in these columns were obtained at the beginning of each experimenti il day. 
¢ 10 Gm. of ammonium chloride was administered orally on each day starting on the fourth day. 





Fic. 1. Errect or AMMONIUM CHLO- 
RIDE ON ELECTROLYTE BALANCE 
During the first three days of the 

study, body water and sodium content 
were expanded by repeated ingestion 
of a solution containing sodium chlo- 
ride and sodium bicarbonate. The in- 
gestion of ammonium chloride start- 
ing on the fourth experimental day 
resulted in loss of body weight which, 
however, did not fall beyond control 
levels. In spite of the absence of de- 
pletion of the body’s own stores of 
sodium and water, the progressive 
stepwise increase in urinary ammonia 
was observed. 


wo 
°o 
° 
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mosm/ 24° 
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METABOLIC DAYS 


Body Weight 
( Kg) 


C] Urine volume 


(mi/24°) 


Urinary ommonium 


(mEq/24°) 


Urinary titratable ocidity 


(mEq /24®) 


Urinary K 
(mEq/ 24°) 


Urinary No 


mae (mEq / 24°) 


Urinory Cl 
(mEq /24°) 


Serum No (mEq/I) 


Serum Cl ( mEa/t) 


Plasma totel Cog (mEq /1) 


Serum K (mEq/i) 


NHe Cl per OS 
10 am/doy 
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RESULTS 


The results of typical experiments are sum- 
marized in Figure 1 and in Tables I and II. None 
of the subjects complained of any untoward reac- 
tions to the experimental regimen. Throughout 
the experiments, they were capable of carrying on 
their routine activities in medical and 
laboratories. 


wards 


Figure 1, for one of the typical experiments, 
shows how the body weight increased during the 
control days as a result of the ingestion of sodium 
chloride and bicarbonate solution. Ingestion of 
ammonium chloride starting on the fourth experi- 
mental day, with ensuing acidosis, caused a de- 
crease in body weight which, however, did not 
reach precontrol levels. The subject did not sac- 
rifice his own reserves of sodium and water. 


Am- 
monia excretion, which had been approximately 
constant during the control period, increased pro- 


gressively in a stepwise fashion to levels compar- 
able to those reported by others (2, 13) under 
conditions of progressive sodium and water de- 
pletion. 

Results comparable to those described above 
were also found in two other experiments, one of 
which is shown in Table I. Two other subjects 
were also submitted to the same experimental regi- 
men, but their body weights fell to less than pre- 
control levels (see Table II) during administra- 
tion of ammonium They, however, 
showed an increase in urinary ammonia excretion 
comparable to that found in the three subjects who 
had obviously not been depleted of their own re- 
serves of sodium and water. 


chloride. 


Control levels of urinary pH were high, and 
those of titratable acidity were low in all experi- 
ments consequent to the ingestion of sodium bi- 
carbonate. As would be expected, urinary pH 
decreased and the urinary excretion of chloride 
and titratable acid increased in all experiments 
while ammonium chloride was being administered. 

The ingestion of ammonium chloride resulted 
in a marked increase in sodium and in total solutes 
excretion over and above control levels which were 
already high. However, we did not find a pro- 
gressive decrease in the urinary excretion of so- 
dium over several days, such as Gamble and co- 
workers (2) and Sartorius and associates (13) 
described in subjects who were being depleted of 


sodium and water. Nor was the increase in po- 
tassium excretion following ammonium chloride 
administration of such magnitude as that found in 
Sartorius’ experiments. 

The total carbon dioxide content of the arterial 
plasma increased during the control days, due to 
the ingestion of sodium bicarbonate, and decreased 
when ammonium chloride was administered. By 
the fourth day of acidosis, the carbon dioxide con- 
tent of the plasma was increasing while ammonium 
chloride was still being given. Serum chloride val- 
ues were high in all experiments during the con- 
trol periods and increased further when ammonium 
chloride was administered. Serum sodium con- 
centration increased during the control days and 
showed a slight and irregular decrease while the 
subjects were on ammonium chloride. No regular 
pattern could be made out of the variations in se- 
rum potassium concentration. 


DISCUSSION 


Gamble and associates demonstrated that the ex- 
cretion of fixed cation is maximal on the first day 
of administration of an acidifying salt and de- 
creases progressively on the following days, while 
ammonia excretion increases (2). The initial loss 
of fixed cation is associated with high urinary vol- 
ume and loss of weight. After discontinuing the 
acidifying salt, a positive sodium balance occurs, 
and in spite of elevation of urinary pH, urinary 
ammonia excretion continues at high levels. This 
was thought to last until the body regained its 
stores of fixed cations and water. 

Our results demonstrate the same characteristic 
stepwise increase in ammonia excretion consequent 
to the ingestion of an acidifying salt over several 
days, even when the depletion of sodium and wa- 
ter was avoided. 

Various types of experiments, some of which 
were published long ago, have shown that urinary 
ammonia excretion can increase in the absence 
of sodium and water depletion. This happens, for 
instance, when normal human subjects breathe gas 
mixtures containing carbon dioxide in a concentra- 
tion of 5 to 6 per cent (17), as well as after in- 
fusion of sodium salts of nonreabsorbable anions 
(8-10). 
was suddenly brought to very low levels. 

Several lines of evidence suggest that renal 


In all those experiments urinary pH 
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excretion of ammonia can be modified according 
to two entirely different patterns. Sudden changes 
in urinary pH are promptly accompanied by the 
release of larger or smaller amounts of ammonia, 
which very likely were previously formed and 
present inside the tubular cells (11). On the 
other hand, conditions prevailing inside the tubu- 
lar cells seem to determine a faster or slower 
rate of formation of ammonia (12). Thus, a drop 
in urinary ammonia was found to occur simul- 
taneously with an increase in urinary pH caused 
by carbonic anhydrase inhibitors (18), while the 
prolonged use of carbonic anhydrase inhibitors, 
with ensuing acidosis, was found to cause increase 
in urinary ammonia excretion (19). This dif- 
ference in patterns of change in urinary ammonia 
excretion is further illustrated by data reported 
by Sartorius (13), who measured the immediate 
change in ammonia excretion after administration 
chloride to normal humans and 
found an increase of several fold within the first 
two hours. 


of ammonium 


This rate was obviously not main- 
tained throughout the several days during which 
ammonium chloride was given. It is likely that 
this large initial increase was due to transfer of 
preformed ammonia from within the tubular cells 
to the tubular lumen, as a result of sudden acidifi- 
cation of the urine. The progressive, but much 
slower, increase of several days’ duration would 
result from the intensified action of ammonia- 
forming enzymes under the stimulus of acidosis. 

These two patterns of change in urinary am- 
monia excretion seem to be influenced by factors 


of a different order. Increased ammonia excre- 


tion in the absence of sodium and water deple- 


tion had been found during experiments of a few 
hours’ duration. This did not rule out the pos- 
sibility that the same factor of sodium and water 
depletion might be the stimulus for the stepwise 
progressive increase in ammonia excretion con- 
sequent to the administration of acidifying salts 
for several days. 

In our experiments ammonium chloride was 
given to normal human subjects preloaded with 
sodium chloride and bicarbonate. Sodium bicar- 
bonate was added in order to avoid the acidifying 
effect of large amounts of isotonic sodium chloride 
solution given prior to the administration of am- 
monium chloride. Administration of ammonium 
chloride from the fourth to the seventh experimen- 
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tal days resulted in loss of some of the surplus of 
water and fixed cation, but in three out of the 
five experiments, body weight did not reach pre- 
control levels during the experimental period. 
These subjects excreted the excess chloride in- 
gested as ammonium chloride along with the 
fixed cation and the water accumulated during 
the control days, and did not have to sacrifice 
their own reserves of sodium and water. The pro- 
gressive decrease in sodium excretion, which in the 
experiments of Gamble and of Sartorius indicated 
the need for the body to save fixed cation, was 
In spite of that, 
the daily increase in ammonia excretion proceeded 
at a rate comparable to that described by Gamble 
(2), and subsequently confirmed by many others 
(13, 20, 21), under conditions in which water 


not present in our experiments. 


and sodium depletion did take place. No signifi- 
cant difference in the pattern of ammonia excre- 
tion could be detected amongst our own _ sub- 
jects, between those whose body weight remained 
above precontrol levels throughout the experi- 
ment and those who lost some of their own re- 
serves of sodium and water. 

The factors that control urinary excretion of 
ammonia have not yet been fully described. It 
was already pointed out that in Gamble’s experi- 
ments the increase in ammonia excretion and the 
acidosis 


extracellular failed to follow parallel 


courses. This can also be seen in the data herein 
reported, and points to the existence of other 
factors which determine the progressive and step 
excretion. 
(2) 


indicates that urinary ammonia excretion can 


wise increase in urinary ammonia 


The latter part of Gamble’s experiments 


still be high in long-term experiments in spite of 
elevation of urinary pH. The increase in excre- 
tion of potassium following ammonium chloride 
administration in our experiments was irregular 
and small, much less than in Sartorius’s experi- 
ments. This indicates that potassium depletion 
in itself should not be considered a prerequisite 
for the increase in ammonia excretion in response 
to acidifying salts. 

As shown by Davies and Yudkin (22), adapta- 
tion of ammonia-forming enzymes of the renal 
tubular cells to a low pH proceeds at a slow rate. 
Schwartz, Jenson and Relman (10, 23) suggested 
that the progressive loss of cation during the 
first days of administration of the acidifying salt 
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would aggravate the difference between the excre- 
tion of fixed anions and the fixed cations avail- 
able for excretion. This would stimulate am- 
monia formation in a stepwise manner. 


CONCLUSIONS 


1. Electrolyte and acid-base studies were made 
on five normal subjects to determine if cation 
depletion is essential for progressive stepwise in- 
crease in urinary ammonia excretion secondary to 
administration of acidifying salts. 

2. Subjects were maintained on constant diet 
and fluid intake and given sufficient sodium chlo- 
ride and sodium bicarbonate orally to expand the 


extracellular fluid by approximately 1.5 to 2 L. 


3. When extracellular fluid volume was in- 
creased, 10 Gm. of ammonium chloride was ad- 
ministered daily for four days. This resulted 
in a progressive excretion of ammonia although 
body weight measurements indicated that the 
extracellular fluid volume was still excessive. 

4. These results demonstrate that depletion of 
sodium is not a prerequisite for a sustained in- 
crease in urinary ammonia excretion. 
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STUDIES ON INFLUENZA IN THE PANDEMIC OF 1957-1958. 
I. AN EPIDEMIOLOGIC, CLINICAL AND SEROLOGIC 
INVESTIGATION OF AN INTRAHOSPITAL EPI 
DEMIC, WITH A NOTE ON VACCINATION 
EFFICACY * 


3y HERBERT L. BLUMENFELD,+ EDWIN D. KILBOURNE, DONALD B 


LOURIA,+ 


AND DAVID E. ROGERS 


(From the Departments of Medicine and Public Health and Preventive Medicine, 
York Hospital-Cornell Medical 


(Submitted for publication July 10, 


Influenza caused by a new variant of influenza 
A virus assumed epidemic proportions in south- 
west China in late February, 1957 (1). During 
the next three months influenza outbreaks occurred 
widely throughout the Orient and first appeared 
in the United States in the middle of May. Dur- 
ing the summer the disease spread slowly and 
sporadically within the United States, initially in- 
volved military establishments which received mili- 
tary personnel from the Orient, and later attacked 
various civilian groups collected in summer camps 
From September through De- 
cember, 1957, there was a rapid and diffuse spread 


and conferences. 


of influenza, and epidemics were observed in most 
cities throughout the country (2). 

In late August, 1957, it was predicted that in- 
fluenza would probably be seen in epidemic pro- 
At this time a 
prospective interdepartmental study was organized 
at The New York Hospital-Cornell Medical Cen- 
ter with the belief that the pending epidemic might 
present a ttnique opportunity to study influenza 
by a multidisciplined approach not often possible 


portions within New York City. 


under epidemic conditions. 

The present series of three papers is a report of 
these studies. The first paper details observations 
on an intrahospital epidemic arising within a single 
medical ward. Included in this initial paper of 


the report are the results of studies of the clinical 


* This work was supported in part by Traineeship Grant 
E-6 and Research Grants E-2162 and E-1078 from the 
National Institute of Allergy and Infectious Diseases, 
Public Health Service; The Research and Development 
Division, Office of the Surgeon General, Department of 
the Army under Contract Number DA-49-007-MD-703 ; 
and by grants from Chas. Pfizer & Co., Brooklyn, N. Y.; 
The Upjohn Co., Kalamazoo, Mich.; and Wyeth Labora- 
tories, Philadelphia, Pa. 

+ Research Fellows in Medicine. 


The Ne w 
Center, New York, N. Y.) 


1958; accepted August 7, 1958) 


syndrome and the clinical pathology of uncom 
plicated influenza, the results of different sero 
logic methods for the diagnosis of influenza, and 
observations on the efficacy of prior influenza vac- 
cination in protecting a small group of personnel 
heavily exposed to the infection. The second pa- 
per (3) analyzes the clinical course and the mi- 
crobiological and pathologic characteristics of 
pneumonia arising in patients with Asian influ 
enza A virus infection as witnessed at The New 
York Hospital from September, 1957, through 
January, 1958. The final paper (4) reports in 
detail the techniques used in the isolation of in 
fluenza virus and the laboratory characteristics 
of the strains of Asian influenza A virus recovered 


from patients during the present study. 


METHOD OF STUDY 


1. Persons included in the study group. Sixty-two 
persons were confined within, or working on, Ward H5 
at the time of the epidemic. All 


This group consisted of 29 male and fe- 


were included in the 
present study. 
male patients over 16 years of age admitted because of 
ward staff of 

The personnel included four 


medical illnesses and a 33 persons em- 
ployed on various shifts. 
physicians, five medical students, seven registered nurses, 
five student nurses, nine nurses’ aides, and three floor 
clerks. 

2. Vaccination status of group. 
cal patients had received influenza vaccine. 
bers of the H5 staff had received one or more injections 


None of the 29 medi- 
Twenty mem 


of a monovalent vaccine containing 200 chicken-red cell- 
agglutinating (CCA) units per ml. of the Asian strain 
of influenza A virus. Sixteen persons had been given 1.0 
ml. (200 CCA units) of vaccine subcutaneously 19 days be 
fore the appearance of influenza on the ward. Three per- 
sons had received intradermal injections of 0.1 ml. (20 
CCA units) of vaccine 19 and 12 days prior to the in- 
fluenza outbreak. One additional staff member received 
0.2 ml. (40 CCA units) intradermally 2 days after the epi- 
demic began. 
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3. Clinical data. Daily observations were made by the 
house staff and influenza study group on all patients who 
developed symptoms suggestive of influenza. A check 
sheet was used to facilitate uniform tabulation of daily 
Rectal temperatures and pulse rates 
Similar studies were 


symptoms and signs. 
were recorded every four hours 
carried out on personnel who developed influenzal symp- 
toms, but were of necessity less complete. 

4. Routine laboratory tests. Total and differential leu- 
kocyte counts, hematocrit values, and erythrocyte sedi- 
mentation rates were determined every three days on 
subjects who developed influenza. Studies of liver and 
renal function, chest roentgenograms, and special serologic 
and bacteriologic studies were obtained in selected cases. 

5. Viral and bacteriologic studies. Fifteen ml. of phos- 
phate buffered saline solution (0.85 per cent NaCl) was 
gargled and collected for recovery of influenza virus. 
These washings were obtained from five patients within 
24 to 96 hours after the onset of influenza symptoms. 
Techniques of virus isolation are described in a succeed- 
ing paper (4). 

Nose and throat cultures were obtained from 53 of the 
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62 individuals on the third day of the epidemic whether 
or not symptoms or signs of influenza were apparent. 
Sputum specimens were obtained from all patients with 
productive cough. Sputum smears were stained by the 
Gram method and examined microscopically. Throat 
swabs and sputum specimens were streaked on blood 
agar plates and inoculated into beef heart infusion broth. 
Particular attention was given to the isolation and identi- 
fication of coagulase positive staphylococci, pneumococci, 
Hemophilus influenzae, and beta hemolytic streptococci. 
6. Serologic studies. Two or more specimens of serum 
were obtained from 55 of the 62 subjects of the study. 
Initial blood specimens were drawn on the fourth day 
following admission of the initial case of influenza. 
Subsequent blood specimens were obtained 5 to 21 days 
Blood 
at room temperature; the serum was separated and stored 
at —20° C. 
logic tests for influenza were performed on each set of 


after this initial bleeding. was allowed to clot 


until studies were performed. Three sero- 


sera, and paired sera were titrated simultaneously. 


Complement fixing (CF) antibodies were measured by a 
standard procedure (5), using as the test antigen an A/ 
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Shaded blocks represent individual patients and personnel who developed influenza symptoms. 
date of appearance of symptoms is indicated within or above the blocks. 
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Datty APPEARANCE OF NEW CASES OF INFLUENZA ON WaArD HS sy Date OF 


DAYS 


MONTH 


AND Day oF EPIDEMIC 


The term “serologic proof” is equated with a demonstrated fourfold or greater rise in hemag- 
glutination-inhibiting or complement fixing antibodies. 


Japan/305/57 strain which had been passaged only in 
eggs.! 

Titration of hemagglutination-inhibiting (HI) anti- 
body. Early in the present study HI antibody was meas- 
ured with the egg-line strain of the Japan 305 (Asian 
strain) virus and trypsin inactivated sera. The relative 
insensitivity of this antigen to nonspecific serum inhibitor 
obviated the use of the more effective periodate method 
(see below) for the destruction of inhibitor. The egg- 
line virus was also relatively insensitive to inhibition by 
antibody, however, so that few antibody rises were dem- 
onstrated with this virus. Accordingly, most sera were 
re-titrated with an inhibitor and antibody-sensitive vari- 
ant of the Japan 305 strain which had been passed 
through ferrets and mice (Japan 305 E,F,M,E,, obtained 
through the courtesy of Dr. Keith Jensen). In these lat- 
ter titrations, preliminary destruction of inhibitor was 
effected with periodate as described below. 

a) Inhibitor-resistant virus/trypsin inactivation of se- 
rum inhibitor. Equal parts of serum and two per cent 
trypsin in phosphate buffered saline (PBS) were heated 
together at 56° C. for 30 minutes. Serial twofold dilu- 


1 This strain, obtained from Dr. John Y. Sugg, was 
initially isolated at the Army Medical School, Washington, 
D.C. It had been passaged once by the allantoic route in 
eggs prior to receipt. Three additional egg passages were 
carried out prior to its use in these studies. 


tions of 0.2 ml. volume of the inactivated serum were made 
in PBS. Two-tenths ml. of “egg-line’ Asian influenza 
virus strain A/Japan/305/57 containing 16 to 32 hemag- 
glutinating units was added to each tube. After 15 min- 
utes’ incubation at 22° C., 0.4 ml. of a 0.5 per cent sus 
pension of human “QO” red cells was added. The test 
observed for of cell agglutination 
after 40 minutes’ incubation at 22° C 

b) Inhibitor-sensitive (mouse-ferret passaged) 
Two-tenths 
for 30 minutes. 


was inhibition red 


virus / 


periodate inactivation of serum inhibitor. 


ml. of serum was heated at 56° C. Four- 
tenths ml. of M/90 potassium periodate solution in distilled 
water was added to the serum after cooling, and the mix- 
ture refrigerated at 4° C. for 18 hours. Four-tenths ml. of 
1 per cent glycerol in PBS was then added and the mix 
ture maintained at room temperature for one hour to neu- 
tralize further periodate action. Serial dilutions and the 
remainder of the test procedure were the same as those 
used following treatment This method 
represents a modification of a procedure originally pro- 
posed by Burnet and Lind (6) and adapted by Jensen (7) 


with trypsin. 


RESULTS 


Epidemiology 


IQ 


Ward H5 is composed of 
one, two and four bed units as diagrammed in 


beds arranged in 
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AN INTRAHOSPITAL EPIDEMIC OF INFLUENZA 


Figure 1. Rooms open into a central ward cor- 
ridor which communicates with the main hospital 
corridor by a single door. Patients leave the ward 
for special study procedures in other parts of the 
hospital, but many remain within the confines of 
the ward during their entire hospital stay. Person- 
nel move freely between the ward, other parts of 
the hospital, and the outside community. At the 
time of the epidemic, all 29 beds were occupied. 

On September 28, 1957, a 40 year old woman 
(R. S.) with known rheumatic heart disease was 
admitted to a four bed room on H5 with an undi- 
agnosed acute febrile illness subsequently proved 
to be influenza complicated by bacterial pneu- 
monia. Isolation procedures were not instituted. 
Within 24 hours symptoms of influenzal nature de- 
veloped in the patient in the adjacent bed and in 
three of the ward staff. The subsequent spread 
of disease within the ward and the daily appear- 
ance of new cases are depicted in Figures 1 and 2. 

During the next 24 hour period an additional 
12 individuals developed an acute febrile illness be- 
lieved to be influenza. Within seven days, 28 per- 
sons had developed symptoms consistent with a di- 
agnosis of influenza. Two others developed symp- 
toms typical of influenza on the eleventh day after 
the admission of the index case, but by this time 
influenza was prevalent within the community and 
the hospital, and these two cases may have arisen 
from an external source. Data on the 30 individu- 
als who developed clinical influenza are recorded 
in Table 1. 


Clinical manifestations of influenza 


The clinical manifestations of influenza were 
strikingly uniform, and few differences were noted 
in the symptom complex manifested by patients or 
personnel. The incidence of predominating symp- 
toms is given in Table II. In 29 of 30 individuals 
developing influenza, the onset was characterized 
by the relatively abrupt appearance of fever; tem- 
perature rose rapidly to maximum levels, com- 
monly above 39° C., during the first 24 to 48 hours. 
Fever then subsided rapidly. Temperature eleva- 
tions persisted from 48 to 96 hours in the absence 
of complications. Eight persons noted chilly sen- 
sations during the period of rising temperature. 
Cough of varying severity appeared within the 
first 24 hours in 25 individuals but was productive 
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TABLE II 


Incidence of symptoms in 30 individuals on Ward H5 
manifesting influenza symptoms 


With 
significant 
antibody antibody 
titer rise titer rise 

Symptom (21) (9) 


Without 
signihcant 
Total (30) 


Number Percent 


=] 


97 
80 
63 
47 
43 


Fever 

Cough 

Headache 

Nasal discharge 

Sore throat 

Gastrointestinal 
symptoms d 33 

Generalized aching 30 

Chills 27 

Chest pain : 3 10 


Epistaxis 7 


bho Nh OO 


of sputum in only four. Three patients complained 
of moderate substernal pain associated with se- 
vere and protracted cough. 

During the first 24 hours of illness, 17 indi- 
viduals developed frontal headache which ap- 
peared related in intensity to the height of the 
temperature rise. Generalized muscle aches were 
noted more frequently by personnel than by bed 
patients and were not a prominent feature of this 
illness. Thirteen persons complained of a scratchy 
sore throat, but on examination only minimal in- 
flammation of the pharyngeal mucosa was noted 
in 10. Mild nasal discharge appeared in 14 indi- 
viduals; the nasal mucosa was visibly inflamed in 
six. Two patients with rhinitis had single episodes 
of epistaxis. 

Ten persons with influenza had complaints re- 
ferable to the gastrointestinal system; of these 
persons, seven were previously hospitalized bed 
patients and three were members of ward person 
nel. Although two previously healthy persons 
suffered nausea and vomiting, the occurrence of 
diarrhea or abdominal pain was restricted in all 
but one case to bed patients with antecedent dis- 
ease. Similarly, the incidence of nausea and vom- 
iting was two to three times higher among bed pa- 
tients than in personnel. Of the seven of 15 bed 
patients with gastrointestinal symptoms, four had 
rheumatic heart disease (three with cardiac fail- 
ure), and others had diagnoses of serum sickness, 
Hodgkins disease, and rheumatic fever. In ad- 
dition, all but one patient were receiving medication 
of possible importance in the genesis of gastroin- 


testinal symptomatology. These drugs included 
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oral penicillin, sulfonamides, erythromycin, codeine 
sulfate, and tetracycline, as well as digitalis in 
those patients with heart failure. 

The occurrence of mild gastrointestinal symp- 
toms in only three of 15 ward personnel is more in 
keeping with the rarity of abdominal complaints 
observed in previous clinical studies of influenza 
(8,9). 

Prostration, depression, and malaise which ap- 
peared out of proportion to the severity of the ill- 
ness were more common in patients than in person- 
nel. Of interest was the relatively greater severity 
of illness in those patients with underlying rheu- 
of the 


30 persons manifesting symptoms of influenza, 


matic heart disease. As shown in Table I, 


five had rheumatic heart disease, 10 had been hos- 


pitalized for other disease processes, and 15 were 


previously healthy personnel. Three of the five 
patients with rheumatic heart disease had severe 
influenza symptoms and developed pulmonary com- 
plications. Among the other 25 individuals stud- 
ied, 10 with nonrheumatic illness and 15 without 


underlying disease, only one case of severe influ- 
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enza occurred. This patient did not develop mani- 
fest pulmonary disease. Although the personnel 
group was younger, the patients with chronic non- 
rheumatic illnesses were of an age comparable to 
those with rheumatic heart disease. 

Physical findings of lower respiratory tract in- 
volvement were noted in five individuals. Two 
patients developed fine, moist bilateral basilar rales 
without roentgenographic evidence of pulmonary 
infiltrates. These signs disappeared spontaneously 
within three days. Two bed patients with se- 
vere rheumatic heart disease developed clinical 
roentgenographic evidence of pneumonia during 
the course of influenza. A third patient with rheu- 
matic heart disease developed persistent pleural 
pain with an audible friction rub bilaterally. These 
three patients (R. S., G. V. and B. N.) are dis- 
cussed in the succeeding paper (3). 


Laboratory studies 


Leukocyte counts. As noted in Figure 3, no 
consistent changes in leukocyte counts were noted 


in patients with influenza. Total leukocyte counts 
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obtained during the disease period varied from 
2,000 to 14,000 cells per cu. mm. Nine of 18 pa- 
tients had leukocyte counts which remained con- 
sistently within the normal range. Four persons 
had transient leukopenia which occurred on the 
third and fourth day of illness. A leukocytosis of 
14,000 cells per cu. mm. was encountered in two 
patients. The three patients who developed pul- 
monary bacterial complications could not be dif- 
ferentiated on the basis of leukocytic response. 
Lymphopenia was common during the first four 
days of influenza in the face of normal total leuko 
cyte values. Lymphocyte counts are graphed in 
Figure 4. Striking lymphopenia was noted in four 
individuals. The single instance of sustained lym- 
phopenia was associated with a normal total leuko 
cyte count. 

Erythrocyte sedimentation rates. Erythrocyte 
sedimentation rates were commonly elevated dur- 
ing the course of influenza, but a significant num- 
ber of hospitalized patients had increased sedi- 


mentation rates prior to the onset of influenza, 


rendering uncertain the significance of this ob- 


servation. 
Bacteriologic studies 

Nose and throat cultures were obtained from 53 
These 
cultures did not demonstrate significant differences 


in the recovery of potential pathogens from indi 


persons during the course of the epidemic. 


viduals with influenza and those without influenzal 


symptoms. Cultural data are presented in Table 


ITI. Pneumococci and Hemophilus influenzae 


rABLE Ill 


Bacteriologic findings in nose and th 
obtained from 53 indii 


Organism 


Coagulase positive 
staphylococcus aureus 
Pneumococcus 
Hemophilus influenzae 
Group A 
streptococcus 
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were isolated from four persons with influenza. 
Pneumococcal pneumonia was present in one of 
these patients. Coagulase positive staphylococci 
were isolated from eight persons with influenza 
and 13 without evidence of disease. Beta hemo- 
lytic streptococci were not recovered from any 
patient. 


Virologic studies 


Virus isolation. Because of the explosive nature 
of the outbreak, specimens for virus isolation were 
not obtained until 96 to 120 hours after the onset 
of the epidemic, and only five attempts at virus 
isolation were performed on selected recent cases. 


The Asian strain of influenza A virus was re- 
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covered from a throat washing obtained 96 hours 
after the onset of influenza in one patient. Throat 
washings obtained from the remaining four pa- 
tients, 24 to 96 hours after the onset of symptoms, 
did not yield influenza virus. 

Serologic studies. Fifty-five paired serum speci- 
mens were available for serologic study. A four- 
fold rise in antibody titer between acute and con- 
valescent serums was considered evidence of in- 
fluenza virus infection. 

Fifty-four pairs of sera were tested for hemag- 
glutination-inhibiting antibodies using trypsinized 
sera and egg-line, inhibitor-resistant virus. Initial 
titers were low, ranging from less than 1: 8 to 1: 32, 
and in none of the convalescent sera did the anti- 
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body titer rise above 1:64. A significant rise in 
antibody titer was demonstrated in only nine pairs 
of sera by this method. All titers in this paper are 
expressed as final dilutions of serum. 

Because of the apparent insensitivity of the egg- 
line virus in demonstrating antibody response, 
tests were repeated using potassium periodate for 
inhibitor destruction and a ferret-mouse passaged 
virus sensitive to both inhibitor and antibody. 
Forty-eight tests on paired sera were performed 
by this method which proved a more sensitive tech- 
nique for the demonstration of influenza infection. 
Significant titer rises were demonstrated in 18 
cases. The high initial titers of apparent antibody 
in some sera suggest that all inhibitor was not 
necessarily destroyed with periodate. However, 
the increased number of titer increases demon- 
strated this 
Titration of antibody with a virus strain isolated 


with method affirm its usefulness. 
from the epidemic (Case S. D.) did not demon- 
strate additional serologic responses in cases nega- 
tive with the ferret-mouse line (inhibitor-sensitive ) 
virus. 

Fifty-two pairs of sera were tested for the pres- 
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ence of complement fixing antibody with viral an- 
tigen of the egg-line Japan 305 influenza virus. 
Significant increases in titer were evident with 18 
pairs of sera. 

Increases in both hemagglutination-inhibiting 
and complement fixing antibodies were noted as 
early as seven days after the onset of influenza 
symptoms, in accord with earlier observations on 
the appearance of neutralizing antibodies in in- 
fluenza (10). 

As noted in Figure 5, patients manifesting sig- 
nificant antibody response by one method did not 
necessarily demonstrate antibody rise by other 
serologic methods. Utilizing all three serologic 
tests for diagnosis, proof of influenza infection 
was obtained in 21 of 30 individuals developing 
clinical disease. In addition, eight persons who 
showed no clinical manifestations of disease had 
significant rises in antibody titers, indicating that 
inapparent influenza infection occurred during the 
epidemic period. A full summary of serologic 
data obtained on all individuals manifesting either 
the clinical syndrome or serologic evidence of re- 
cent influenza infection is presented in Table IV. 
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CorkRELATION OF FoL_p RIsE IN ANTIBODY TITER AND THE TOTAL DURATION OF THE 


CLINICAL ILLNESS 


The relation of the degree of antibody rise to the 
severity and duration of influenza symptoms 


The relation of antibody response to the severity 
and duration of influenzal symptoms was exam- 
ined. The relevant data are presented in Figures 
6and 7. It is evident that the spread of antibody 
response is broad and the data scattered, particu- 
larly when antibody response and duration of ill- 
ness are correlated. However, if attention is di- 
rected to individual CF antibody responses of four- 
fold or more, a definite trend is noted in those 
cases with proved infection. This trend of in- 
creasing incidence of significant antibody response 
with increasing severity of infection could merely 
indicate more accurate clinical diagnosis in the 
more severely ill. That this interpretation is par- 
tially correct is shown by comparison of the geo- 
metric means of the antibody responses of fourfold 
It is 


found that these average fold increases are 12.1 in 


or more in the various categories of illness. 


patients with “no symptoms,” 10.6 in patients with 


“mild symptoms,” and 9.2 in patients with ‘“‘mod- 
erate symptoms.” In the few patients with “severe 


symptoms,” however, significantly greater re- 
sponse, averaging 45-fold, was found. Thus the 
antibody response of seriously ill patients clearly 
exceeded that of patients with milder symptoms 
even when comparison was restricted to those with 


serologically proved influenza. 


Incidence of influenza in vaccinated and nonvac- 
cinated individuals 


As previously noted, 20 staff members had re- 
ceived influenza vaccine prior to the appearance 
19, sufficient time (19 
days) had elapsed for the development of meas 
urable antibody (11). 

Pre-epidemic antibody levels in vaccinated indi 


of influenza on H5. In 


viduals were comparable to those demonstrated in 


nonvaccinated individuals when determined by 
complement fixation or hemagglutination-inhibiting 
antibody studies using inhibitor-resistant virus. 
Higher levels of pre-epidemic antibody were noted 
in the majority of vaccinated individuals when 
hemagglutination-inhibiting antibody was deter- 


mined with the inhibitor-sensitive virus antigen 





H. L. BLUMENFELD, E. D. 


TABLE V 


Incidence of influenza in vaccinated and 
nonvaccinated individuals 


« 


No. with significant 
antibody titer rise 


No. developing 
clinical influenza 


No. at risk 


i ——s«*20(35%) 
23/42 (55%) 


No. tested 
5/16 (31%) 
24/37 (65%) 


Group 


Vaccinated 
Nonvaccinated 


(Figure 5, Table IV). Nevertheless, there was 
considerable overlap with the titers obtained in 
nonvaccinated individuals. 

Despite the equivocal nature of antibody in- 
crease in vaccinated individuals, suggestive evi- 
dence of vaccine protection was obtained. As 
noted in Table V, seven of 20, or 35 per cent of 
the vaccinated personnel developed clinical in- 
fluenza compared with 23 of 42, or 55 per cent of 
the total nonvaccinated group. If only individu- 
als developing significant antibody response were 
included in the analysis, 5 of 16, or 31 per cent of 
the vaccinated and 24 of 37, or 65 per cent of the 
total nonvaccinated group had documented influ- 
enza infection. If the 33 ward personnel were con- 
sidered separately, 8 of 13 nonvaccinated staff 
members manifested clinical influenza in contrast 
to 7 of 20 individuals receiving influenza vaccina- 
tion. Thus although the groups were small, the 
results suggest protection by immunization in a 
situation of concentrated exposure. 


Miscellaneous laboratory studies 


Laboratory studies did not reveal evidence of 
significant changes in liver or renal function. 
None of the patients tested developed serum cold 
agglutinins during influenza. 

Studies on certain experimental bacterial in- 
fections suggest that profound changes in serum 
amino acids can occur during the course of gen- 
eralized infection (12). The prostration associ- 
ated with influenza led us to determine whether 
gross changes in serum proteins or serum amino 
acid levels accompanied the acute illness. Sera 
obtained from eight acutely ill patients were paired 
with sera from the same patients obtained follow- 
ing recovery and subjected to protein electrophore- 
sis and paper chromatography. No differences 
could be detected in the patterns obtained during 


acute and recovery phases. 
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DISCUSSION 


Explosive onset and swift spread of the infec- 
tion in crowded populations are cardinal features 
of epidemic influenza. These characteristics sug- 
gested the etiology of the present epidemic and 
retrospectively led to the diagnosis of the patient 
admitted with fever of unknown origin who repre- 
sented the primary case. The high attack rate of 
symptomatic infection produced by the pandemic 
virus of 1957 which involved 30 of 62 persons in 
this institutionalized group also resembled previ- 
ous epidemics caused by other strains of influenza 
A virus (10). So, too, the incidence of clinically 
inapparent infection detected by specific antibody 
response (28 per cent) corresponded exactly with 
past experience reported by Horsfall, Hahn and 
Rickard (10) and closely with the 32 per cent 
incidence of inapparent influenza A noted by Kil- 
bourne, Anderson and Horsfall in a mixed A and 
B epidemic in children (13). 

The present outbreak occurred in a heterogeneous 
group containing both healthy and sick adults of 
widely differing ages. assumed with 
reasonable certainty that infection was produced 
by a single strain of virus. It thus seems of par- 
ticular interest to note the varying disease syn- 
dromes observed in different individuals. In 
young and previously healthy adults influenza 
virus infection caused the expected acute and 
prostrating but brief and benign illness typical of 
past epidemics of influenza A (8-10). In patients 
hospitalized with debilitating disease states, se- 
vere and unusual symptomatology and illness oc- 


It can be 


curred. In these individuals, already ill, an un- 
due incidence of gastrointestinal symptomatology 
was associated with the more usual symptoms of 
influenza virus infection. Furthermore, five hos- 
pitalized patients developed evidence of lower re- 
spiratory tract involvement. Although bacterio- 
logic studies failed to reveal changes in the bac- 
terial flora of the nasopharynx in the majority of 
persons developing influenza, three of these five 
patients developed definite bacterial pneumonia. 
Each of these three patients had underlying chronic 
rheumatic heart disease. The relationship between 
serious pulmonary complications of influenza and 
underlying illness is discussed in detail in the suc- 
ceeding paper (3). 

It thus appeared that the variations in severity 
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of influenza observed among members of this semi- 
closed community were probably related to differ- 
ences in host management of infection rather than 
to variations in viral virulence during this small 
explosive outbreak. 

While total leukopenia was uncommon, an ab- 
solute lymphocytopenia was noted to occur during 
the first four days of illness in many patients. This 
finding, reported in experimental influenza in hu- 
man volunteers (14) and in murine infection (15, 
16), deserves further investigation as a difference 
in the host reaction to viral and bacterial infections 
of possible diagnostic value. An extensive series 
of other laboratory studies did not reveal consist- 
ent or diagnostically useful abnormalities. 

The present study supports the finding of Jen- 
sen and Hogan that multiple serologic methods 
are necessary for the maximum diagnosis of cases 
of influenza (17). Despite the use of three meth- 
ods, significant antibody response was not dem- 
onstrated in nine patients who developed clinical 
illness indistinguishable from the serologically con- 
firmed influenza of others. Although it is possible 
that these individuals contracted a respiratory in- 
fection of other etiology, the clinical syndrome and 
the setting in which it arose make it more likely 
that the serologic techniques used were inadequate 
to detect the presence of influenza in 30 per cent 
of those who contracted the disease. 

-atients who were severely ill showed a greater 
antibody response than patients with mild or mod- 
This finding has not been 
human influenza. 


erate symptomatology. 
previously documented in 


Greater antigenic stimulation produced by the 


protracted presence of the virus or the attain- 


ment of greater viral (antigenic) mass during the 
course of the infection appear the most likely ex- 
planations of this phenomenon. 

Evidence obtained in the present outbreak sug- 
gests that prior vaccination with small amounts 
of specific monovalent influenza vaccine may exert 
a protective effect in a group subjected to concen- 
trated exposure. Serologically documented in- 
fluenza infection occurred in 31 per cent of vac- 
cinated individuals, as contrasted with 65 per 
cent of persons who had not received the vaccine. 
Although the difference in attack rate is not 
marked, this decrease in incidence of infection cor- 
relates well with previous studies on vaccine eff- 
cacy in small! closed populations (18). 


INFLUENZA ork 


Thus in the present experience, the epidemi- 
ology and clinical nature of a small epidemic of 
influenza A within the 1957-58 pandemic re- 
sembled previous outbreaks occurring in inter- 
pandemic years. Detailed study of this epidemic 
has emphasized the influence of the underlying 
status of the human host on the severity of the 
disease, the frequency of lymphopenia early in the 
course of influenza, and a correlation between the 
severity of the illness and the magnitude of spe- 
cific antibody response. 


SUM MARY 


1. An epidemic of influenza A on a hospital 
ward during the pandemic of 1957-58 caused ill- 
ness in 30 persons of a total population of 62. 
Serologic evidence of influenza infection was ob- 
tained in eight persons who did not manifest symp 
toms of influenza. 

2. The disease closely resembled previous de- 
scriptions of typical influenza, except for the oc- 
currence of a high rate of gastrointestinal symp- 
toms in patients with underlying disease. Three 
patients with rheumatic heart disease developed 
pulmonary complications of influenza. 

3. Except for inconstantly observed lympho- 
cytopenia during the first four days of illness, 
consistent abnormalities were not found with 
routine and special laboratory tests. 

4. The incidence of serologically confirmed in- 
fluenza was 34 per cent less in vaccinated than 
in nonvaccinated subjects 

5. Determination of both hemagglutination-in- 
hibiting and complement {ixing antibodies in 
creased the number of cases diagnosed. 

6. Although the severity and duration of ill- 
ness were not correlated with antibody response as 
a straight line function, the mean magnitude of 
complement fixing antibody increase in seriously ill 
patients was almost fourfold greater than in other 
serologic 


patients with significant response to 


infection. 
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Influenza presents a paradox. To the clinician 
practicing medicine in 1918, influenza was a fear- 
some disease attended by frequent and often fatal 
pulmonary complications. To the student of in- 
terpandemic influenza in the last quarter century, 
the disease is an acute, temporarily incapacitating 
infection of the upper respiratory tract which is 
benign except on the rare occasion when bacterial 
pneumonia supervenes. This contrast in the mani- 
festations of influenza has led to speculation that 
the disease of 1918 was either a different disease 
entity or caused by an agent of greater virulence 
than influenza viruses now encountered. 

The microbiologic and pathologic evidence ac- 
cumulated during the 1918-19 pandemic estab- 
lished the probable bacterial etiology of most in- 
fluenza fatalities. There were, however, many 
clinicians who insisted that certain patients died 
of fulminating illness unassociated with known 
bacterial pathogens. This impression received 
support in the studies of Goodpasture who pre- 
sented pathologic evidence of a diffuse hemor- 
rhagic pneumonia in two patients which was un- 
associated with the demonstrable presence of bac- 
teria (2). 

The pandemic of 1918-19 antedated the first 
recognition of the influenza A virus (Smith, An- 


* This work was supported in part by Traineeship 
Grant E-6 and Research Grants E-2162 and E-1078 from 
the National Institute of Allergy and Infectious Diseases, 
Public Health Service; The Research and Development 
Division, Office of the Surgeon General, Department of 
the Army under contract number DA-49-007-MD-703; 
and by grants from Chas. Pfizer & Co., Brooklyn, N. Y.; 
The Upjohn Co., Kalamazoo, Mich.; and Wyeth Labora 
tories, Philadelphia, Pa. 

+A preliminary report of a part of this investigation 
kas been presented before the Association of American 
Physicians and has been published in the Transactions of 
that society (1). 

t Research Fellows in Medicine. 


edge of influenza derived from modern virologic 
studies of the epidemic (interpandemic) disease 
must be applied with caution to the 1918-19 pan- 
demic. In the new pandemic in 1957, certain old 
questions remained unanswered : 

1. What is the etiologic agent of pandemic in- 
fluenza ? 

2. Is the pandemic disease more severe than the 
interpandemic form or only more widespread ? 

3. Is bacterial pneumonia the major cause of 
fatalities in pandemic influenza; if so, may fatali- 
ties be prevented by modern antimicrobials ? 

4. May influenza virus induce fatal disease in 
the absence of bacterial pathogens ? 

The first question has been unequivocally ans- 
wered. A virus biologically indistinguishable from 
viruses previously isolated from cases of epidemic 
influenza may cause pandemic disease. The etio- 
logical agent of the 1957-58 pandemic, the so- 
called Asian strain of influenza virus, differs anti- 
genically from previously isolated viruses, but is 
Fur- 
thermore, recent serologic studies suggest anti- 
genic similarity of the virus of the 1957 pandemic 
to the agent of the pandemic of 1889 (4). 

The definitive answer to the second question 
must await analysis of data from the present pan- 
demic, but preliminary evidence suggests that 
pandemic influenza does not differ clinically from 


nonetheless a strain of influenza A virus. 


the epidemic disease (5, 6). 

Partial answers to the final questions are sub- 
jects of the present paper. This investigation of 
patients with pulmonary complications of influ- 
enza was organized in the fall of 1957 as a pro- 
spective study of disease in the new pandemic. 
The results represent a collaborative integration of 
laboratory and bedside investigations. 

During the 1957-58 influenza pandemic more 
than 50 patients with influenza and evidence of 


lower respiratory tract involvement were admitted 
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to The New York Hospital. Extensive clinical 
and laboratory observations were made on 33 
individuals in this group in whom influenza virus 
As these 
studies progressed it became apparent that four 


infection could be clearly documented. 


pulmonary syndromes could be differentiated on 
the basis of history, physical examination, the ap- 
pearance of chest X-rays, bacteriologic and viro- 
logic studies and the subsequent course of the ill- 
ness. These syndromes have been categorized as 
follows: 

1. Influenza virus infection with physical signs 
of lower respiratory tract involvement without in- 
filtrates detectable by roentgenography. 

2. Influenza virus infection followed by sec- 
ondary bacterial pneumonia. 

3. An acute, rapidly progressive pneumonia 


apparently produced by influenza virus infection 


alone. 

4. Concomitant viral and bacterial pneumonia. 

The present paper describes and defines these 
clinical entities. Included in this report are the re- 
sults of laboratory and physiologic studies, the 
course of illness, the therapy employed and the 
microbiologic and histologic studies of tissues ob- 
tained post mortem. 


MATERIALS AND METHODS 


All 33 patients were hospitalized at The New York 
Hospital. Thirty patients were studied on the medical 
wards. Three studied on the 
obstetrical service. 

1. Clinical studies. Each patient was initially exam- 
ined by the house staff. When the clinical history was 
compatible with influenza, the patient was re-examined 
and evaluated by a member of the influenza study group. 
During the acute phase of illness, each patient was exam- 
ined at least once daily by members of the study group 
who kept detaiied records on symptoms, physical find- 
ings and the course of the illness. 

2. Routine laboratory studies. Certain routine stud- 
ies were performed serially on all patients. These in- 
cluded hematocrit determinations, total and differential 
leukocyte counts, erythrocyte sedimentation rates, uri- 
nalyses, chest roentgenograms, blood urea nitrogen, ve- 
nous carbon dioxide combining power and serum sodium, 
serum potassium and serum chloride determination. 

3. Virologic studies. The procedures used for the iso- 
lation of influenza virus are presented in detail in the 
succeeding paper (7). Throat washings were obtained 
for influenza virus isolation on the majority of patients. 
Attempts were also made to recover influenza virus from 
specimens of peripheral blood, urine and spinal fluid in 


pregnant women were 
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selected cases. In patients dying during the course of 
their disease, specimens of lung tissue removed at au- 
topsy were frozen and stored at — 68° C. until virus 
studies could be performed. 

Acute serum specimens were drawn at the time of ad- 
mission on all patients. Subsequent convalescent sera 
were obtained on one or more occasions 7 to 35 days later 
on patients who survived their illness. Sera were tested 
for the presence of hemagglutination-inhibiting and/or 
complement fixing antibody to the Asian strain of influ- 
enza A virus by techniques detailed in the preceding 
paper (5). 

The following criteria were arbitrarily established as 
definitive evidence of recent infection with the Asian 
strain of influenza A virus: 

1. A fourfold or greater rise in complement fixing 
antibody between acute and convalescent sera using the 
Japan 305 strain of influenza A virus as the test (viral) 
antigen. 

2. An initial complement fixing antibody titer of 
1: 128 or greater against the Japan 305 strain in patients 
seen on or after the seventh day of influenza symptoms. 
These titers were felt to represent clear evidence of in- 
fluenza infection after study of a series of 55 normal indi- 
viduals revealed none with baseline serum titers of com- 
plement fixing antibody above 1: 64. 

4. Bacteriologic studies. 
and swabs from the nasopharynx and throat were cul- 
tured from all patients. In many instances, duplicate 
cultures were performed within the diagnostic bacteri- 
ology laboratory of The New York Hospital and the 
laboratories of the Division of Infectious Disease. 

Sputum specimens were plated on blood and chocolate 
agar plates and inoculated into liver dextrose and thio- 
glycollate broth. Particular attention was directed to iso- 
lation of coagulase positive staphylococci, pneumococci, 
Hemophilus influenzae and beta hemolytic streptococci. 
Microorganisms were identified by appropriate subcul- 
ture, biochemical reactions, staining characteristics and 
serologic studies. 

In many instances, 1 ml. of emulsified sputum was also 
inoculated intraperitoneally into white mice. When ani- 
mals died, the peritoneal cavity was washed with 1 ml. 
of sterile saline and the peritoneal exudate examined by 
Gram stain and inoculated upon blood agar plates and 
into appropriate liquid media. Animals which survived 
sputum inoculation were killed several days later and the 
peritoneal washings subjected to the same procedures. 

In fatal illnesses, postmortem cultures of lung and 
heart’s blood were obtained from all but one patient. 
Specimens of lung tissue were plated directly on blood 
agar plates and inoculated into beef heart infusion broth, 
liver dextrose broth, and beef heart infusion broth con- 
taining five per cent defibrinated rabbits’ blood. Speci- 
mens of lung from five patients were ground under sterile 
conditions, and quantitative pour plates were made to as- 
certain the concentrations of bacteria per milliliter of 


Specimens of sputum, blood, 


lung tissue. 
All staphylococcal isolates were studied for pigment 
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production, hemolysis, mannitol fermentation and coagu- 
lase production. The majority of strains were subjected to 
bacteriophage typing using the technique of Blair and 
Carr (8). 

Antibiotic sensitivity studies were carried out on all 
strains of staphylococci. Initial tests were performed 
utilizing the surface disc method. The discs used con- 
tained 10 yg. of tetracycline, chloramphenicol, strepto- 
mycin and erythromycin, 1.5 units of penicillin, and 5 ug. 
of novobiocin. In addition, standard serial tube dilution 
sensitivity studies were carried out on the majority of 
staphylococcal isolates. Beef heart infusion broth con- 
taining five per cent defibrinated rabbit blood was used 
as the medium. One-half ml. of a 10% dilution of an 18 
hour broth culture was used as the inoculum. 

5. Cardiopulmonary and renal studies. Standard 12 
lead electrocardiograms were obtained on 29 patients 
and were obtained serially on all patients who were seri- 
ously ill. Venous pressure determinations were made 
on or shortly following admission in 23 patients and 
were studied serially in patients with symptoms or signs 
suggestive of congestive heart failure. 

Arterial blood gas studies were made in eight patients 
by Dr. Daniel Lukas and his associates. Blood obtained 
from the brachial artery was analyzed for oxyhemoglobin 
saturation, oxygen binding capacity, and carbon dioxide 
content by the method of Van Slyke and Neill (9). Ar- 
terial pH was performed on the same specimens using a 
Cambridge research model pH meter. Serum carbon 
dioxide content was calculated from the nomogram of 
Van Slyke and Sendroy (10). Partial pressures of ar- 
terial carbon dioxide and serum bicarbonate were calcu- 
lated from the Henderson-Hasselbalch equation using a 
solubility coefficient of 0.0301. 

Blood plasma volumes were determined on four pa- 
tients at the height of their pulmonary disease process by 


TABLE I 


Normal laboratory values (The 


New York Hospital) 


Normal value 
8-15 mg. % 


22-27 mM/L. 
132-143 mEq./L. 
3.5-5.3 mEq./L. 
97-106 mEq./L. 


Determination 





Blood urea nitrogen 

Serum carbon dioxide combining 
power 

Serum sodium 

Serum potassium 

Serum chloride 

Serum glutamic oxaloacetic 
transaminase 0-35 units/ml./min. 

Arterial blood pH 7.40 + 0.02 units 

Arterial oxyhemoglobin 
saturation 

Arterial carbon dioxide content 

Arterial partial pressure carbon 
dioxide 

Arterial bicarbonate 

Blood pyruvic acid 

Blood ketones 


94-98% 
24-27 mM/L. 


39-42 mm. Hg 
22.8-25.8 mEq./L. 
60-125 wEq./L. 
10-80 vEq./L. 


Males, 10 mm. in 1 hr. 
Females, 20 mm. in 1 hr. 


Corrected erythrocyte sedi- 
mentation rate (Wintrobe) 
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Dr. David Thompson and his associates using the T-1824 
dye method of Chinard (11). T-1824 disappearance 
curves were also performed on two of these individuals. 
The dye disappearance curves obtained were compared to 
the values recorded in normal subjects by Noble and 
Gregerson (12). Phenolsulfonphthalein excretion and 
urea and inulin clearances were performed on selected 
patients. 

6. Miscellaneous laboratory studies. Additional stud- 
ies were performed on certain patients because of ques- 
tions which arose during the course of this study. 

1. Liver function tests were obtained on nine patients. 
These included determinations of total serum protein, al- 
bumin-globulin (A/G) ratios, total and fractionated se 
rum bilirubin, cephalin flocculation, thymol turbidity and 
serum alkaline phosphatase. 

2. Serum glutamic oxaloacetic transaminase levels 
were determined in 22 patients and were followed serially 
when abnormal results were encountered. 

3. Studies on blood clotting were performed on five 
patients. These included standard bleeding and clotting 
times, clot retraction studies, plasma prothrombin de- 
terminations, capillary fragility tests and enumeration of 
blood platelets. 

4. Serums were studied for the presence of cold ag- 
glutinins on from one to six occasions in 21 patients. 
Serum heterophile antibody was determined in 10 pa- 
tients during the course of their illness. 

5. Three patients developed signs and symptoms sug- 
gestive of central nervous system involvement. 
encephalographic tracings were obtained, and studies of 
the cerebrospinal fluid, including attempts at virus iso- 
lation, were made in two of these patients 

6. Venous blood from two patients was analyzed for 
ketones and pyruvic acid by the methods of Bessman (13) 
and Friedemann and Haugen (14). 

Values for these determinations in The New York Hos- 
pital laboratories are listed in Table I. 

7. Postmortem studies. 
course of illness. An additional patient died with an 
acute myocardial infarction six 
from the hospital. 
carried out in eight patients. 
plete autopsy was not permitted, specimens of lung were 


Electro- 


Ten patients died during the 


weeks after discharge 
Complete postmortem studies were 


In two in whom a com 


obtained by needle or incision for virologic, bacteriologic 
and microscopic examination 


RESULTS 

General description of the patients studied 
Thirty-two of the 33 patients included in this 
study were admitted to the hospital between Sept. 
29 and Nov. 11, 1957. 
was admitted during January, 1958 (Figure 1). 
Ap- 


proximately two-thirds (21 patients) were under 


The remaining patient 
Patients ranged in age from 13 to 75 years 
atients ranged in age [rom Io to /o years. 


50 years of age. Eighteen were males and 15 were 
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SEPT 


1957 OCTOBER 


Soy 
NOVEMBER 
-_ 








PATIENTS 


NO. 





Fic. 1. 
females. None of these patients had received 
influenza vaccination preceding the pandemic. 
Twenty-four patients had evidence of chronic dis- 
ease or pregnancy antedating influenza. 
toms suggesting the development of parenchymal 
lung involvement arose one to 14 days after the 
onset of initial influenzal symptoms. 

In the following sections the four pulmonary 
syndromes observed are discussed separately along 
with the laboratory studies which aided in the 
characterization of each syndrome. Other labora- 


Symp- 


tory studies which did not materially aid in dif- 
ferentiating these clinical entities are considered 
in the succeeding section. Subsequent sections re- 
view therapy, the course of the illnesses and stud- 
ies on postmortem material. Selected case reports 


are included in the final section. 


I. The clinical syndromes manifested by patients 
with influenza attended by signs of lower respira- 
tory tract involvement 


1. Influenza with physical signs of lower respira- 
tory tract involvement without roentgenographic 
evidence of pneumonia 


In three patients with influenza, chest findings 
developed which suggested parenchymal lung in- 
volvement in the absence of roentgenographic evi- 
All three of these 
individuals had evidence of underlying disease 


dence of pulmonary infiltrates. 
antedating the onset of influenza. Two patients 
had rheumatic heart disease. One patient with in- 
active pulmonary tuberculosis had known pul- 
monary hypertension as determined by previous 
cardiac catheterization studies. 

Symptoms referable to the respiratory tract ap- 
peared within 48 hours of the onset of typical in- 


ert ta Tt 


DATES OF ADMISSION OF PATIENTS WITH 


eT ee ee 


1-26-58 
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fluenza symptoms. All three patients exhibited 
high fever and marked prostration ; a cough which 
was productive of small amounts of blood tinged 
sputum appeared in two. Two patients noted 
pleuritic chest pain. Mild dyspnea was noted by 
all three patients. 

Physical examination of the lungs revealed uni- 
lateral or bilateral crepitant and musical inspiratory 
rales accompanied by diminished or harsh breath 
sounds. Coarse rhonchi and occasional wheezes 
were heard in two of the three patients. Bilateral 
pleural friction rubs were noted in one patient. 
Signs of local consolidation were absent. 

Total leukocyte counts were within the normal 
range in two patients; moderate leukocytosis was 
observed in one. Erythrocyte sedimentation rates 
were slightly elevated. Few bacteria were seen in 
sputum smears, and cultures from two patients 
demonstrated only normal pharyngeal flora. Oc- 
casional colonies of hemolytic Staphylococcus 
aureus and pneumococci were grown from sputum 
cultures obtained from the third patient. Blood 
cultures were sterile. 

The Asian strain of influenza A virus was iso- 
lated from the throat washing of one of the two 
patients from whom washings were obtained. 
Serologic proof of influenza virus infection was ob- 
tained in all three. Symptoms and signs persisted 
from three days to several weeks. In each patient 
a complete recovery ensued on symptomatic treat- 
ment alone. 

Comment. These three patients with influenza 
developed signs of lower pulmonary tract disease 
without X-ray evidence of pneumonia. There was 
no convincing evidence of bacterial infection. Re- 


covery occurred without antimicrobial therapy. 
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These patients were believed to have bronchiolitis 
accompanying influenza. They are included to 
portray the full spectrum of pulmonary involve- 
ment witnessed during the epidemic, but are not 
considered further in the analysis of the more seri- 
ous pulmonary complications of influenza. 


2. Influenza complicated by secondary bacterial 
pneumonia 


Fifteen patients had serologically established in- 
fluenza followed by evidence of bacterial infection 
of the lung. These patients ranged in age from 13 
to 72 years. Eight were males and seven were 
females. 


INFLUENZA 


Seven patients had evidence of pre-existing dis- 
ease. Three had rheumatic heart disease with es- 
tablished mitral valve disease. 
diabetic. One patient had bronchiectasis and 
pulmonary emphysema of long standing. One pa- 
tient had progressive muscular dystrophy with 
The 
remaining eight patients had no evidence of under- 


Two patients were 


involvement of the respiratory musculature. 


lying disease prior to the onset of influenzal symp- 
One patient was in the third trimester of 
A summary of clinical data on these 


toms. 
pregnancy. 
patients is recorded in Table II. 

Clinical history. Ten of these 15 patients had a 


remarkably similar history. In each, the typical 


TABLE II 


Influenza complicated by bacterial pneumonia: Summary of clinical data 


Duration - -- 


Pulmonary involvementt 


Patient, : 
Age, Date of 
Sex admission 


9/29/57 
9/30/57 


10/1/57 
10/4/57 


10/11/57 
10/14/57 
10/17/57 
10/17/57 


10/22/57 
10/23/57 
10/24/57 
10/26/57 
11/1/57 


L. F. 11/4/57 
63 M 

A, 2. 
40 F 


11/11/57 


* RHD, rheumatic heart dise 
ASCVD, arteriosclerotic heart di 


of illness 

prior to 
pulmonary 
symptoms 


Under 
lying 
disease* 


dayst 
RHD, MS, <1 
MI, AF 


0 


RHD, MS, 
MI 


Mild 
diabetes 


Muscular 
dystrophy 


RHD, MS, 
MI 


Chronic 
pulm. dis. 


Pregnant 
8 months 


Mild 
diabetes 


Chills 


Symptoms 


Productive 


cough pain 


e 
Bloody 


a 
Bloody 


+ 
Muco 
purulent 


Purulent 
7 
Bloody 
rs 
Bloody 
chs 
Bloody 


+ 
Muco 
purulent 


ee 
Rusty 


Muco 
purulent 


Te 
Mucoid 


Muco 
purulent 


+ 
Bloody 


- 
Bloody 


Al 


Dyspnea 


t+ 


Signs 


Resp./ Admission Cya 
min. temp 


nosis 
a 2 
28 
30 


30 


4 


, aortic insufficiency 


+ Where pulmonary symptoms blended with initial influenza symptoms the interval has been listed as <1 
t Cough, chest pain, dyspnea and cyanosis are graded in severity from 0 to +++. 
§ RLL, right lower lung; LLL, left lower lung; RUL, right upper lung; LUL, left upper lung; B.S., breath sounds. 


Pulmonary 
findings§$ 


Rales, RLI 
Consol., RLI 


Rales, harsh 
B.S., RLL, 
LLL 


Consol., RLL, 
LLI 

Consol., LLI 
Consol., RLI 
Consol., RUL, 
RLL, LLI 


Consol., RLL 


Rales, LLI 


Consol., RLI 


Rales, decr. 
B.S., RLL, 
LLL 
Rales, decr. 
B.S., RLL, 
LLL 


Consol., LLL 


Consol., RUL, 
LLL 


Consol., LLI 


; MS, mitral stenosis; MI, mitral insufficiency; AF, auricular fibrillation; HCVD, hypertensive heart disease ; 
e; CO, coronary occlusion; AS, aortic stenosis; 





218 LOURIA, BLUMENFELD, 
influenza symptoms had been followed by a defi 
nite period of improvement. Five patients felt 
strong enough to return to their usual occupations. 
Following a period of two to 14 days (average 3.8 
days), there was a sudden reappearance of symp- 
toms which suggested the onset of pulmonary in- 
fection. A shaking chill was experienced by four 
patients. Eight patients developed typical pleu- 
ritic chest pain and noted a marked increase in 
cough which was productive of bloody or purulent 
sputum. 

Five of the 15 patients did not have a clear cut 
interval between the initial influenzal illness and 
symptoms of pulmonary involvement. In these 
patients pulmonary symptoms blended with the 
initial illness so that it was impossible to deter- 
mine the time of onset of the bacterial complication. 

Physical findings. All patients in this group 
appeared acutely ill. As noted in Table IT, admis- 
sion temperatures were above 39° C. in the ma- 
jority, ranging from 38.6 to 40.5° C. Respiratory 
rates were only moderately increased, ranging 
from 20 to 30 respirations per minute in 13 of the 
15 individuals. Cyanosis was uncommon and was 
observed in only two patients in association with 
pleuritic chest pain. 

Examination of the chest in each instance re- 
vealed evidence of localized disease which corre 
sponded with the abnormalities found on roent- 
genographic examination. Ten patients had clas- 
sic local signs of consolidation including dullness 
to percussion, increased fremitus, bronchial breath- 
ing, egophony and bronchophony. Five patients 
had localized rales, rhonchi and abnormal breath 
sounds without signs of classic consolidation. 
Single lobe involvement was observed in nine pa- 
tients and bilobar disease in five. One patient had 
consolidation of three lobes. Signs of diffuse pul- 
monary involvement were not observed in these 
patients. 

Laboratory studies. Total leukocyte counts ob- 
tained at the time of admission ranged from 3,300 
to 24,600 white blood cells per cu. mm. A leuko- 
cytosis of 10,000 or more was present in 11. 
Polymorphonuclear leukocytes predominated, and 
an increase in band forms was noted in every case. 
white blood cell counts and the ob- 
total 


granulocyte counts during the acute illness are 


Admission 


served range of leukocyte and absolute 


portrayed in Figure 2. Ten of the 15 patients 
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LEUKOCYTE 


TOTAL 
CouNTS IN WITH 
COMPLICATED BY BACTERIAL 
Admission white blood cell counts are indicated by the 
open circles; the vertical bars indicate the range in val- 


ues during the acute illness 


showed elevated erythrocyte sedimentation rates 
at the time of their admission. 

Chest roentgenograms. In all 15 patients chest 
roentgenograms revealed evidence of lobar or 
lobular involvement of the type commonly observed 
with bacterial pneumonia (see Figures 12, 14, and 
15 accompanying the case reports). In 10, true 
lobar distribution of the pulmonary infiltrate was 
Infiltrates were dense and localized and 
One patient with 


observed. 
halted abruptly at fissure lines. 
staphylococcal pneumonia developed cavitation 
within the involved lobe. 
velopment of significant amounts of pleural fluid 


In no patient in this group 


Empyema or the de- 


was not observed. 
did X-ray films reveal extension of the process fol- 
lowing the institution of antimicrobial therapy. 


Bacteriologic findings. Sputum smears con- 


tained many polymorphonuclear leukocytes and 
A heavy growth of 


large numbers of bacteria. 
pneumococci was obtained in sputum and throat 
cultures from eight patients. Coagulase positive 
Staphylococcus aureus was isolated as the predomi- 





THE PULMONARY 


nating microorganism, or in pure culture from the 
sputum of three patients. Hemophilus influenzae 
was the only microorganism recovered from the 
sputum of one patient. 

Sputum cultures from three patients revealed 
mixed bacterial growth. Both pneumococci and 
staphylococci were isolated in large numbers from 
the sputum of one patient. Coagulase positive 
staphylococci and Hemophilus influenzae were 
obtained from another, and coagulase positive 
staphylococci, Aerobacter aerogenes, and Candida 
albicans were grown from sputum cultures of one 


TABLE 


Influenza complicated by bacterial pneumonia: 
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patient who acquired her disease within the hos- 
pital (Table IIT). 
Virologic studies. 
from 13 patients on the third to the thirty-fifth 
day of illness were studied for the presence of in- 


Throat washings obtained 


fluenza virus by methods detailed elsewhere (7). 
Influenza virus was not recovered from any pa- 
tient in this group. 

Serologic studies. Both acute sera and conva- 
lescent sera were available in eight patients. In 
these eight individuals, a fourfold or greater rise 
in complement fixing antibody titer was demon- 


III 


Summary of bacteriologic and virologic data 





Influenza virus studies 


Bacteriologic studies 


Virus isolation 





Patient Specimen 


Cultural findings 


illness 


Specimen obtained 





R.S. Throat 


blood 
Sputum 
blood 


Sputum 
3loox 


Pneumococcus 
0 


TW 


Hem. Staph. aureus 
0 


Few hem. Staph. aureus 
A. aerogenes 


Monilia 
0 


Sputum 
Blood 


Sputum 
Blood 


Sputum 
Blood 


Throat 
Blood 


Sputum 
Blood 


Sputum 
Blood 


Sputum 
Blood 


Sputum 
Blood 


Spitum 
Blood 


Sputum 
Blood 


Sputum 
Blood 


A.M. Sputum 


Blood 


* TW, Throat washings. 


+ EM, Erythromycin; Te, Tetracycline; Pen, 


Pneumococcus 
0 


Hem. Staph. aureus 
H. influenzae 
0 


Pneumococcus VIII 
0 
Pneumococcus III 
0 


Pneumococcus III 
0 


Pneumococcus 
Hem. Staph, aureus 
0 


Pneumococcus 
0 
Pneumococcus 
0 
H. influenzae 
0 


Hem. Staph. aureus 
0 
Pneumococcus 
0 


Hem. Staph, aureus 
0 


TW 


Day of 


Complement fixation 


Day of illness 
serum 
obtained 


Reciprocal 
of CF titer 


QOut- 
come 


Treat 


Result 2 mentt 


4,096 Recov. 


512 Recov. 


Expired 
37 days 


Recoy 
Recov 


Recov 


Rec 
Recov. 


Recov. 


128 4.096 


Penicillin; SM, Streptomycin; CM, Chloramphenicol. 
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TABLE IV 


Primary influenza virus pneumonia: Summary of clinical data 


Duration 
of illness 
prior to ee 
pulmonary 
symptoms] 


Under- 
lying 
disease* 


Patient, 
Age, Date of 
Sex admission 


Chills cough 


days 
G. H. RHD, AF, <1 + 
49 M MS, MI bloody 
.P RHD, MI + 4 
M mucoid 


RHD, MI, 
AS, Al 


4 
bloody 


10/14/57 RHD, AF, 
MS 


oe 
bloody 


HCVD 4 
bloody 


10/19/57 t 
mucoid 


* Abbreviations are the same as those used in Table II. 


Symptoms 


Productive Chest 


Pulmonary involvementt 


Signs 
Resp./ Admission Cya Pulmonary 


pain Dyspnea min. temp. nosis findings* 


Bilat. basilar 
insp. rales 


ie Se 


severe 


Lat 39.5 t Diffuse bilat. 
severe wheezing, 
rales 


T++4 
severe 


Diffuse harsh 
B.S., Insp. 
rales, RLL, 
LLL 


Diffuse sup- 
pression, B.S., 
rales, RLL, 
LLL 


J. 1-4 5 9 + + Diffuse bilat. 
severe wheezing, 
rales 


Harsh B.S., 
diffuse bilat. 
rales 


t Where pulmonary symptoms blended with initial influenza symptoms the interval has been listed as <1. 
$ Cough, chest pain, dyspnea and cyanosis graded in severity from 0 to +++. 


strated with the Asian strain of influenza A virus. 
Seven patients were admitted seven to 35 days af- 
ter the onset of influenza symptoms. In these 
seven patients initial complement fixing antibody 
titers of 1: 128 or greater were demonstrated. A 
summary of bacteriologic and virologic data ap- 
pears in Table III. 


3. Primary influenza virus pneumonia 

Six patients in the present series manifested a 
diffuse pulmonary syndrome which was believed 
to represent primary influenza virus infection with- 
out secondary bacterial infection. 

These patients constituted a relatively uniform 
group. All six patients had established heart dis- 
ease. Five of the six were males. Four males be- 
tween the ages of 45 and 49 years had antecedent 
rheumatic heart Severe mitral valve 
disease was present in three, combined mitral and 
aortic valvular disease in one. A 66 year old male 
had arteriosclerotic heart disease with a history 
of two previous myocardial infarctions. The single 
female, a 75 year old woman, had known hyper- 
tensive cardiovascular disease. 

Clinical history. In the five patients who gave 
an adequate clinical history, a remarkably uniform 
Each patient 


disease. 


sequence of events had occurred. 


had experienced an illness characteristic of in- 
fluenza with chilly sensations, high fever, scratchy 
sore throat, a dry, nonproductive cough, head- 
ache, muscular aching and prostration. Over the 
next 24 hours increasing respiratory distress 
caused each patient to seek hospitalization. Thus 
each of these patients was admitted within 36 
hours of the onset of the initial symptoms of 
influenza. 

In three patients increasing dyspnea was as- 
sociated with a distressing cough productive of 
bloody sputum. Three patients had sustained one 
or more shaking chills. In no instance was pleural 
pain or purulent sputum noted. Certain clinical 
features of this illness are summarized in Table IV. 

Physical examination. On admission each of 
these patients appeared acutely and seriously ill. 
Admission temperatures ranged from 39.2 to 
40.4° C. Respiratory distress was profound with 
respiratory rates of 36 to 54 per minute. Extreme 
dyspnea made speech difficult in all instances. 
Moderate to profound cyanosis was present in all 
six patients. In none was shock apparent at the 
time of admission. Venous distention, hepa- 
tomegaly and peripheral edema were not present. 

Examination of the lungs revealed findings 
which were quite different from those noted in 
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the group with secondary bacterial pneumonia. 
In general, findings were diffuse, and in no in- 
stance were focal signs of consolidation (dullness 
to percusion, bronchial breath sounds, egophony, 
bronchophony) detected. 

In three patients the only physical findings on 
admission consisted of fine inspiratory rales ac- 
companied by scattered inspiratory wheezes and 
expiratory prolongation over the lower lung fields. 
As the disease progressed, physical findings be- 
came more extensive and frequently varied from 
hour to hour. As dyspnea and cyanosis increased, 
air exchange became progressively difficult. At 
times, increasing suppression of breath sounds 
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Fic. 3. Tota LeuKocyTE AND POLYMORPHONUCLEAR 
Leukocyte CouNnT. IN PATIENTS WITH Primary IN- 
FLUENZA VIRUS PNEUMONIA 

Admission white blood cell counts are indicated by the 
open circles; the vertical bars indicate the range in val- 
ues during the acute illness. 


INFLUENZA 221 
was evident over the lower lung fields posteriorly, 
spreading gradually to involve the entire chest. 
At other times, patients were noted to develop in- 
creasing expiratory difficulties with diffuse in- 
spiratory rales and prominent expiratory wheezing. 

In the terminal stages of the disease, findings on 
physical examination were similar in all patients. 
Harsh suppressed breath sounds were heard 
throughout both lung fields. Generalized sticky 
inspiratory rales were evident. Coarse bubbling 
rales and grating rhonchi obscured expiratory 
breath sounds, and the expiratory phase was mark- 
edly prolonged. At this stage dyspnea was un- 
bearable, and respirations were rapid and gasping 
in nature. Marked agitation was common, and in- 
tense cyanosis was observed in all patients. 

Routine laboratory studies. Total leukocyte 
counts on admission ranged from 13,700 to 19,200 
cells per cu. mm., and a marked leukocytosis was 
maintained throughout the acute illness. In every 
case there was a striking preponderance of poly- 
morphonuclear leukocytes and an increase in im- 
mature band forms (Figure 3). Erythrocyte sedi- 
mentation rates were within normal limits in four 
of five patients studied. These are depicted in Fig- 
ure 4 and are contrasted with the elevated sedi- 
mentation rates found in the majority of patients 
with secondary bacterial pneumonia or concom- 
itant viral and bacterial pneumonia. 

Chest roentgenograms. 
revealed diffuse 
roentgenographic picture of cardiac pulmonary 
edema. In general, a fanning perihilar infiltrate 
of a diffuse and nodular nature was noted. The 
infiltrate was more striking toward the lung bases 
and bronchovascular markings were increased. 
Two patients showed small loculated interlobar ef- 
fusions. In one of these patients the effusion was 
present prior to admission. Typical X-ray pic- 
tures are presented in Figures 17, 19, 20 and 21 
which accompany the case reports. 

Bacteriologic findings. In none of the six pa- 
tients were significant numbers of pathogenic bac- 
teria isolated from the sputum. Stained smears of 
sputum revealed only a few polymorphonuclear 
leukocytes and scant bacteria in three patients. 
In the remaining three patients polymorphonuclear 
leukocytes were noted in stained sputum prepara- 
tions, but only rarely could bacteria be found. 
One or more sputum and pharyngeal cultures 


Chest roentgenograms 


infiltrates which mimicked the 
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taken prior to the institution of therapy demon- 
strated only normal throat inhabitants (alpha and 
gamma strepococci, Neisseria and diptheroids) in 
two patients. An occasional colony of pneumo- 
cocci was noted in sputum cultures obtained from 
four patients but normal flora predominated. A 
few colonies of Hemophilus influenzae were also 
isolated from the sputum from two of these four 
patients. 

Mice injected with sputum remained healthy, 
and bacteria could not be isolated on subsequent 
Blood cultures 
taken on one or more occasions from each patient 
were sterile. 

Extensive bacteriologic studies were performed 
on emulsions of lung tissue obtained from the five 
patients who died. Multiple cultures from four 
patients were sterile on incubation for 10 days. 
The fifth patient dying on the eleventh day of ill- 
ness had a clear-cut episode of aspiration two days 
Fungi and bacteria could be seen 
on microscopic section surrounding aspirated 
food and muscle fibers within the bronchi. Mode- 
rate numbers of Candida albicans and Escherichia 
coli were obtained on lung cultures from this pa- 


culture of the peritoneal cavities. 


before death. 


PULMONARY COMPLICATIONS OF INFLUENZA 


tient. Bacteriologic and virologic data on this 
group of patients are summarized in Table V. 

Virologic findings. Three of the throat wash- 
ings obtained from four patients on the second and 
third day of illness yielded the Asian strain of in- 
fluenza A virus. Influenza virus was not iso- 
lated from the throat washing of Patient P. B., the 
only patient in this group who survived. A sig- 
nificant rise in complement fixing antibody was 
demonstrated in this patient. Attempts at virus 
recovery from concentrated urine specimens of two 
patients were unsuccessful. Cerebrospinal fluid 
obtained from one patient on the fifth day of ill- 
ness did not yield influenza virus. 

Influenza virus was isolated from the lungs of 
the four patients who died within five days of 
onset of their disease. Virus concentrations of 
10”, 10*, 10°-* and 10°-* 50 per cent egg infectious 
doses (EID,,) per Gm. of lung were found in 
these specimens (Table V). 


4. Combined influenza virus and bacterial pneu- 
monia 


Nine patients in the present series had an ill- 
ness accompanied by clinical and laboratory fea- 
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224 LOURIA, BLUMENFELD, ELLIS, 
tures which suggested that both influenza virus and 
specific bacterial pathogens were responsible for 
These pa- 


Four 


their lower respiratory tract disease. 
tients ranged in age from 21 to 61 years. 
There was evi- 
Three 


were males and five were females. 
dence of antecedent chronic disease in six. 
patients had rheumatic heart disease with mitral 
valve involvement; one of these three patients 
was also in the sixth month of pregnancy. Two 
patients had arteriosclerotic cardiovascular disease 
with previously documented myocardial infarc- 
tions. One patient had multiple myeloma. One 
of the three patients without evidence of underly- 
ing disease was in the eighth month of pregnancy. 

Clinical history. Eight patients in whom a re- 
liable history could be obtained gave a story of 
typical influenza. Four patients noted a period 
of improvement lasting two to four days before 
symptoms suggesting lower respiratory tract in- 
fection appeared. In four patients the symptoms 
of lower pulmonary tract disease blended with the 
original influenzal symptoms, and it was impossible 


TABLE 


Concomitant influenza virus and bacterial 


Duration 

of illness 

prior to 
pulmonary 
symptomst 


Under- —e 
lying 
disease* 


Patient, 


Date 
Age, f 


ot 
admission 


Chills cough 


days 
1 


10/11/57 T 
purulent 


0 
(pregnant 


8 mos.) 


RHD, 
MS, MI, 
AS, AI 


10/15/57 ' 
bloody 


RHD, MS 
(pregnant 
6 mos.) 


10/17/57 
bloody 


ASCVD 
old C.O. 


10/18/57 + 

bloody 
10/23/57 RHD, MS - 
purulent 


ASCVD 
old C.O. 


++ 
muco 
purulent 


10/24/57 


10/28/57 Multiple 


myeloma 


a: 
sanguino 
purulent 


11/8/57 0 


++ 


1/26/58 
bloody 


* Abbreviations are the same as those used in Table II. 


Symptoms 


Productive Chest 
pain 


Unreliable history 


KILBOURNE, AND ROGERS 


to determine the point at which the pulmonary in- 
volvement had occurred. Severe dyspnea similar 
to that noted by patients with the syndrome of pri- 
mary influenza virus pneumonia caused the admis- 
sion of each patient. 

Seven patients had noted cough which was pro- 
ductive of grossly bloody sputum in four and was 
purulent in three. Shaking chills were noted by 
five patients. Four patients noted pleuritic chest 
pain. 

Physical findings. 
seriously ill at the time of admission. 
temperatures ranged from 38.6 to 40.4° C. Se- 
vere respiratory distress was present in all, and 


All nine patients appeared 
Admission 


respiratory rates above 36 respirations per minute 
were present in seven individuals. Cyanosis was 
noted in eight patients. Two patients with pre- 
existing heart disease showed signs of congestive 
failure. In the remaining seven patients, no ve- 
nous distention or other signs of cardiac failure 
were noted. 


Examination of the lungs revealed variable 


VI 
pneumonia: Summary of clinical data 


Pulmonary involvementt 


Signs 


Pulmonary 
findings* 


Resp./ Admission Cya- 
min temp. nosis 


Dyspnez 


Consol., RLL 
Diffuse insp. rales 


Consol., RLL 
Diffuse wheeze 
harsh B.S. 


Consol., LLI 


Bilat. basilar 
rales 


Consol., RMI 
Insp. rales, 
RLL, LLL 


Diffuse insp., 
exp. rales 


Rales, RLL, LUI 


Consol., RLL, 
LLL 


Diffuse rales, 
wheezes, harsh 
B.S. 


Consol., LLL 
Diffuse rales, 
wheezes, rhonchi 


bat 


severe 


inte 


{ Where pulmonary symptoms blended with initial influenza symptoms the rval has been listed as <1. 
t é 


Cough, chest pain, dyspnea, and cyanosis graded in severity from 0 to +++ 
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findings. Six patients had evidence of local con- 
solidation of one or more lobes. Five of these pa- 
tients had, in addition, diffuse signs which in- 
cluded inspiratory rales, prolongation of expira- 
tion, wheezing and diminished or harsh breath 
sounds. These findings were similar to the pul- 
monary findings noted in the patients described 
previously with primary influenza virus pneu- 
monia. Three patients had diffuse pulmonary 
findings without signs of focal consolidation. Clin- 
ical data are summarized in Table VI. 

Routine laboratory studies. Total leukocyte 
counts obtained on admission ranged from 1,400 
to 21,000 leukocytes per cu. mm. 
patients showed a marked leukocytosis with an 
increase in immature leukocytes. Two patients 
showed a striking leukopenia and granulocyto- 
penia. In both of these patients Staphylococcus 
aureus was the bacterial pathogen and both sub- 
sequently died of their illness. Total leukocyte and 
polymorphonuclear leukocyte counts obtained dur- 
ing the course of the acute illness are pictured in 
Figure 5. Erythrocyte sedimentation rates ranged 
from 17 to 51 mm. per hour (Figure 3), and were 
significantly elevated in five patients. 

Chest roentgenograms. Seven patients showed 
both local lobar infiltrates and bilateral nodular 
perihilar infiltrates on admission chest roentgeno- 
grams. Diffuse perihilar infiltrates similar to 
those seen in the group believed to have primary 


Six of the nine 


influenza virus pneumonia were observed in two 
patients. 
Figures 24, 26, 27 and 29 which accompany the 


Typical roentgenograms are pictured in 


case histories. 
Bacteriologic findings. Examination of sputum 
smears obtained on admission commonly revealed 
large numbers of polymorphonuclear leukocytes, 
even in patients with leukopenia. 
of microorganisms could be 
smears. On sputum culture, coagulase positive 
Staphylococcus aureus was isolated in pure cul- 
ture from three patients. Pneumococci in rela- 
tively pure culture were isolated from three. 
Sputum cultures resulted in growth of both 
pneumococci and hemolytic Staphylococcus au- 
A few colonies of He- 


Large numbers 


seen in sputum 


reus in three instances. 
mophilus influenzae were isolated from the sputum 
culture of one patient in addition to staphylo- 
cocci and pneumococci. Repeated blood cultures 
were sterile in all patients. Postmortem cultures 
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Fic. 5. Torat LeEuKocyTE AND POLYMORPHONUCLEAR 
LEUKOCYTE COUNTS IN PATIENTS CONCOMITANT 
INFLUENZA VIRUS AND BACTERIAL PNEUMONIA 


WITH 


Admission white blood cell counts are indicated by the 
open circles; the vertical bars indicate the range in val- 
ues during the acute illness. 
were obtained on all four patients who died. Lung 
emulsions from two patients yielded coagulase 
positive staphylococci in concentrations of 108 
microorganisms per ml. The lungs of one pa- 
tient dying 53 days after the onset of influenza 
with an unusual myocarditis and pulmonary ar- 
teritis showed a few colonies of coagulase positive 
staphylococci, Candida albicans and E. coli, but 
there was no histologic evidence of significant 
bacterial infection. Specimens of lung obtained 
from one patient dying on the sixth hospital day 
were sterile on culture. This patient had had 
large numbers of pneumococci isolated from ini- 
tial sputum cultures. 

Virologic studies. virus of the 


Influenza A 
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Asian strain was recovered from seven of nine pa- 
tients in whom throat washings were obtained 
prior to the fourth day of illness. The two throat 
washings negative for influenza virus were ob- 
tained on the fifth and seventh days of disease. 

Blood specimens obtained from three patients 
were inoculated into chick embryos without re- 
covery of influenza virus. Concentrated urine 
specimens from two patients and one cerebrospinal 
fluid obtained on the sixth day of illness from a 
patient manifesting central nervous system signs 
likewise failed to yield influenza virus (7). 

Paired serologic specimens obtained on six 
patients showed a fourfold or greater increase in 
complement fixing antibody to the Japan strain 
of influenza A virus. 

At autopsy, low titers of influenza virus were 
demonstrated in the lungs of three patients, all 
of whom died prior to the ninth day of their ill- 
ness. No influenza virus was recovered from the 
patient who died 53 days after the onset of in- 
fluenza. Bacteriologic and virologic data on these 
cases are summarized in Table VIT. 


II. Special studies performed on patients with in- 
fluenza and pneumonia 


1. Cardiac studies 


Many patients in the current series had evidence 
of underlying heart disease. Because of this high 
incidence of pre-existing cardiac abnormalities, 
and reports of myocarditis associated with in- 
16), a careful evaluation of cardiac 
function was made in all patients. Thirteen of the 


fluenza (15, 


15 patients with localized secondary bacterial 
pneumonia had no clinical or laboratory findings 
suggestive of cardiac involvement. The two re- 
maining patients had severe rheumatic heart dis- 
ease, and evidence of congestive heart failure ac- 
companied their pneumonia. Dyspnea, orthopnea 
and moderately elevated venous pressures of 140 
165 
patients. 

In contrast, all of the patients who presented the 


and mm. saline were noted in these two 


diffuse pulmonary syndromes with either primary 
influenza virus pneumonia or combined bacterial 
and viral pneumonia showed striking dyspnea, 
orthopnea and cyanosis. Pulmonary findings were 
usually compatible with left heart failure. There 
were, however, certain features which suggested 
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that the acute pulmonary disease observed was 
secondary to pulmonary infection rather than 
cardiac failure: 

a. First, the high fever, leukocytosis and pro- 
found systemic symptoms suggested that an acute 
infectious process was present. 

b. Second, cardiac findings suggesting serious 
myocardial involvement, such as heart sounds of 
poor quality, diastolic gallop, pulsus alternans or 
narrowing pulse pressure, were not observed. 

c. Third, signs of right heart failure were con- 
sistently absent in 13 of the 15 patients with diffuse 
pulmonary syndromes, despite the presence of sig- 
nificant pre-existing heart disease in 11 of these 
patients. Venous pressure determinations were 
transiently elevated (120 mm. and 150 mm. saline) 
in two patients who were agitated at the time of 
study. 
13 patients were consistently normal. 
tients with concomitant influenza virus and bac- 


The remaining venous pressures in these 
Two pa- 


terial pneumonia had definite signs of congestive 
heart failure which included peripheral edema, 
distended neck veins, hepatomegaly and elevated 
venous pressures. A summary of venous pressure 
determinations is recorded in Figure 6. 

d. Blood volume 
blood and plasma volume were made on four pa- 
tients at the height of their disease process. Blood 
volumes and plasma volumes were within pre- 


studies. Determinations of 


dicted normal limits in three patients. A mini- 
mally elevated blood volume (118 per cent) was 
noted in one patient. 


gressive fluid accumulation in the lungs, T-1824 


3ecause of evidence of pro- 


disappearance curves were also performed on two 
of these patients in an attempt to detect whether 
a generalized increase in vascular permeability was 
In both instances disappearance curves 


These 


present. 


were normal. data are summarized in 
Table VIII. 

e. Electrocardiographic studies. Electrocardio- 
grams were obtained on one or more occasions in 
12 of 15 patients with secondary bacterial pneu- 
monia. In four instances, electrocardiographic ab- 
normalities were noted. Three patients with rheu- 
matic heart disease showed electrocardiographic 
changes compatible with their underlying cardiac 


lesions without other abnormalities. One patient, 


a 72 year old male with mild diabetes, showed ab 


normal T waves and RT segments suggestive of 
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VENOUS PRESSURE DETERMINATIONS IN PATIENTS WITH PRIMARY INFLUENZA OR VIRUS 


PNEUMONIA, CONCOMITANT INFLUENZA VIRUS AND BACTERIAL PNEUMONIA 


Pressures recorded in mm. saline above the level of the right auricle. 


coronary artery disease. No changes suggestive 
of myocarditis were noted. 

Serial electrocardiograms were obtained on 14 
of the 15 patients with diffuse pulmonary involve- 
ment. One patient without previous known heart 


(B. P.) 


changes suggesting early left ventricular hyper- 


disease showed _ electrocardiographic 


trophy. Patients with underlying heart disease 


TABLE 


Blood volume studies and T-1824 disappearance rates in four patients with pneumonia complicating influenza 


Predicted 
plasma 
volume 


Patient, 
Age, 
Sex 


Plasma 
volume 


Type of 
pneumonia 


Primary virus 

Primary virus 

J.B Primary virus 
S$ F 


iy a 
38 M 


Mixed 


viral-bacterial 


* T-1824 technique (11) 
+ Corrected for 4 per cent trapped plasma. 


t Average T-1824 disappearance in normal males, 5.2 per cent 4 


showed electrocardiographic abnormalities com- 
patible with their basic heart disease. These ab- 
normalities persisted without change throughout 
the course of illness. One patient with rheumatic 
(C. P.) had bouts of ventricular 
tachycardia a few hours preceding death. The 
remaining patients without antecedent heart dis- 
had Again, 


heart disease 


ease normal electrocardiograms. 


VIII 


* 


Blood 
. vol. 
» of as % of 
Hema Blood predicted 
tocritt volume norm. 


Plasma 
rol 
[-1824 
disappearan e 
(% in 1st hour)t 


as % 
predicted 
norm. 


% 
40 


103 
102 40.1 


114 


1:65 (12). 
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TABLE IX 


Patient, 
ge, 
z 
Under- 
lying 
disease* 


Status of disease Conditions of test 


Primary influenza virus pneumonia 


rs .. Off O2 
45 } 
RHD 


MS-MI 


Day of admission, critically 
ill, cyanotic, tachypneic 


Apparent improvement, Off O2 
less respiratory distress 

IPPBt 
100% Oz 


Off O2 


Condition deteriorating, 
increasing respiratory distress 


No significant change 


Initial improvement, 
beginning diuresis : 
+ hours post acetazoleamide 


Marked diuresis, Off O2 

improvement Acetazoleamide, 1 Gm. daily 

Laps Day after admission, coma Off O2 

to: FF tose, tachypneic, cyanotic 

HCVD 

Positive pressure mask 
100% O2 


IPPB 
100% O2 


Off Oz 


30 minutes later 
30 minutes later 


Coma lighter, 
respirations less labored 


IPPB 
100% O2 


Off O2 


IPPB 
40% O» 


Off Oz 


30 minutes later 


Same as day 4 


30 minutes later 


Slight improvement, lungs 
clearing, coma continuing 


Concomitant influenza and bacterial pneumonia 


Day after admission, critically Off O2 


ill, cyanotic, tachypneic 
IPPB 
100% Oz 


No change 


Off Oz 
Off O2 
Off Oz 


Steady improvement 
Steady improvement 
Steady improvement 


Day of admission, critically Off O2 


ill, cyanotic, tachypneic 
Positive pressure mask 
100% O» 
IPPB 
100% Oz 
IPPB 
100% Oz 
IPPB 


100% Oz 
Post acetazoleamide 


Off O2 


30 minutes later 
30 minutes later 


Semi comatose, 
obstructive respirations 


Comatose, 
obstructive respirations 


A . Increasing respiratory distress, 
53 M cyanosis 
Multiple 
myeloma IPPB 
100% On: 


30 minutes later 


M.L. Off O2 
66 M 


ASCVD 


Day of admission, critically 
ill, cyanotic, tachypneic 


Off O2 
Off O2 


Moderate improvement 


B.P. 
61 F 


G.A. 
57 M 
ASCVD 


Day after admission, critically 
ill, cyanotic, tachypneic 
Improving, respiratory Off O2 
distress disappearing 


* Abbreviations the same as those used in Table II. 

+ IPPB, Intermittent Positive Pressure Breathing apparatus. 
t ‘v), Value obtained on venous blood. 

§ Calculated from venous pH. 
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Blood gas data on eight patients with influenza virus pneumonia or combined influenza virus and bacterial pneumonia 


Arterial blood gas studies 

CO2 
content 
mM/L. 


HCO; 
mEq./L. 


pCO:z 


pH O2 sat 
% mm. Hg 


24.6 
25.0 
19.6§ 


25.0 26.1 


10.5 9.6 


23.1§ 23.4§ 
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changes suggestive of myocarditis were not ob- 


served. 


2. Blood gas analysis 


Arterial blood gas studies were performed on 
two patients with primary influenza virus pneu- 
monia and six patients with the syndrome believed 
to represent combined bacterial and virus pneu- 
monia. The results of these determinations are 
recorded in Table IX. 

Six patients were studied early in the course 
of their illness. All six showed striking reduc- 
tion in oxyhemoglobin saturation with values 
ranging from 46.2 to 84.8 per cent. The two pa- 
tients with the syndrome of influenza virus pneu- 
monia had elevated partial pressures of carbon di- 
oxide and lowered arterial pH. The four patients 
with mixed viral and bacterial pneumonias had 
normal or reduced partial pressures of carbon 
dioxide and serum bicarbonate concentrations 
early in the course of the disease, with variable 
alterations in arterial pH. 

As their pulmonary disease progressed, the ar- 
terial blood gas stuaies performed on four patients 


Ar- 
terial oxyhemoglobin saturation fell progressively, 


showed remarkably similar abnormalities. 


and values of 50.5 and 69.9 per cent were noted 
in two patients. The remaining two patients were 
not removed from oxygen for blood gas studies 
All 


because of profound air hunger and cyanosis. 


four patients developed respiratory acidosis as 
li 


evidenced by a high partial pressure of carbon ¢ 
oxide and a markedly reduced arterial pH. 

Arterial blood specimens obtained from four 
patients early in the recovery phase showed a re- 
turn of the oxyhemoglobin saturation towards 
normal. Three of these four demonstrated con- 
tinuing carbon dioxide retention during this pe- 
riod of improvement. 


3. Studies on renal function 


Although urine abnormalities were noted in the 
majority of patients studied, there was no evi- 
dence of direct renal damage accompanying influ- 
Proteinuria was present in virtually all 
patients and appeared to be related to the height 


enza. 
of the fever. Hematuria was not noted during 
the course of illness. 
trogen values ranged from 11 to 20 mg. per cent. 
In patients with secondary bacterial pneumonia, 


Admission blood urea ni- 


ELLIS, KILBOURNE, 
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blood urea nitrogen concentrations promptly re- 
turned to normal levels with hydration. In pa- 
tients critically ill with diffuse pulmonary syn- 
dromes, blood urea nitrogen frequently rose as the 
disease progressed. Urea clearances performed in 
a number of patients were within normal limits 
unless shock had supervened. Inulin clearances 
performed on three patients critically ill with ad- 
vanced influenza virus pneumonia were signifi- 
cantly depressed. 


4. Studies of serum electrolytes 

No consistent changes in serum electrolytes 
were noted. In general, serum sodium, potassium 
and chloride determinations ‘were normal. In pa- 
tients with diffuse pulmonary disease, venous car- 
bon dioxide combining powers frequently rose 
as the severity of the illness increased, and se- 
rum chlorides fell concomitantly. Two patients 
with primary influenza virus pneumonia and se- 
vere acidosis had elevated serum pyruvate levels of 
130 and 164 »Eq. per L. and elevated blood ketone 
values of 103 and 142 wEq. per L., respectively. 


5. Liver function studies 

Liver function studies were performed in nine 
patients with primary influenza virus pneumonia 
or mixed influenza virus and bacterial pneumonia. 
With the exception of alterations in the serum glu- 
tamic oxaloacetic transaminase levels, no sig- 
nificant abnormalities were noted. 

Serum glutamic oxaloacetic 
Twenty-two patients had single or repeated de- 


transaminase. 


terminations of serum transaminase concentra- 


tions. The results of determinations are graphed 
in Figure 7. As noted, transaminase levels were 
elevated in the majority of patients studied. In 
general, the height of serum transaminase con- 
centrations appeared to parallel the severity of the 
clinical illness. Patients with secondary bacterial 
pneumonia generally showed the least abnormality. 
Two patients with primary influenza pneumonia 
and seven patients with mixed viral and bacterial 
pneumonia showed elevations of serum transami- 
nase to over 60 units per ml. per minute at some 


time during the course of their illness. 


6. Studies on blood clotting 


Bloody sputum was a prominent feature of pri- 
mary influenza virus pneumonia and the concom- 
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PATIENTS 


Fic. 7. SERUM 


NARY COMPLICATIONS OI 


Stud- 
ies of bleeding, clotting and prothrombin times, 


itant influenza virus-bacterial pneumonia. 


as well as tourniquet and clot retraction tests and 
quantitative platelet counts were done in five pa- 
tients with hemoptysis accompanying their ill- 
ness. All studies were within normal limits. 


7. Other serologic studies 

Serum cold agglutinins were determined on one 
to six occasions in 18 patients. Seventeen patients 
An initial 
cold agglutinin titer of 1:5 in the serum of one 


showed no detectable cold agglutinins. 
was not present in a second serum. Heterophile 
antibody concentrations in nine patients were 
within normal limits. 


8. Studies on staphylococci isolated from pa- 
tients with pulmonary complications 


Coagulase positive hemolytic Staphylococcus 
aureus strains were present in the admission spu- 
tum cultures in 12 patients with bacterial or mixed 


viral and bacterial pneumonias. In six the staphy- 


GLUTAMIC OXALOACETIC TRANSAMINASI 


LEVELS IN PATIENTS PULMO- 


INFLUENZA 


WITH 


lococcus was grown in pure culture from the spu- 
tum. In the remaining six patients, other po 
tential pathogens were also recovered in signifi 
cant numbers. 

sacteriophage typing was performed on 10 of 
the 12 initial sputum isolates. No single phage 
type predominated. Three staphylococcal strains 
were typed in bacteriophage group I, three strains 
in group III, and two strains had miscellaneous 
bacteriophage patterns. Two staphylococcus 
strains were nontypable. 

Of these initial isolates, five strains were sen 
sitive to less than one unit of penicillin and seven 
were penicillin-resistant (1.56 to 50 units per 
mil.). 
sitive to tetracycline, 10 to streptomycin, 11 to 
All of the 


strains which were sensitive to penicillin were also 


Seven of the 12 initial isolates were sen 
erythromycin, and 11 to novobiocin. 


susceptible to all other drugs. Data concerning 
staphylococcal isolates are summarized in Table 
 & 

As noted in Tables X and XI, additional strains 
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TABLE 


Studies on coagulase positive staphylococcus 


Source Bz 


culture 
Sputum 


Sputum 


Sputum 


Sputum Nc 


Sputum Gr 


Sputum 


Sputum M 


Secondary bacterial pneumonia 


Stool Gr 


Sputum 


Sputum 
Naso 
Pharynx 


Sputum Ne 


Sputum 


Sputum Nc 


Sputum M 


4+ + + 


Lung 
5 X 108ml. 


= 
7 
~ 
— 
= 
~ 
5 
re 
2 
- 
~ 
_ 
< 


af. at <t. 


rot + 


Sputum t 
4X 108/ml. 


Lung 


Gr 


Gr. 


Gr 
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x 


aureus strains isolated from 12 patients 


Antibiotic sensitivityT 


I 


acteriophage 
type 


"SM EM CM 


n-typable 


mee! 
53/VA4 

me fi 
55/VA4 

iscellaneous 
80/81 

wa 
53/VA4 


yntypable 


Gr. III 


7/47 


mntypable 


iscellaneous 
80/81 

II] 
53/VA4 


_ 


- | 
5§2A/79 0.78 0.78 





* +4 Occasional colony; ++, apprec iable growth; ++ 

t Pen, Penicillin; SM, Streptomycin; EM, Erythromy¢ 
biocin. 

tR, resistant; S, sensitive. Where tube dilution sensit 
per ml. for penicillin and yg. per ml. for the other antibiotics. 


of staphylococci were isolated from five of these 
patients 16 to 50 days after the initial isolation 
of staphylococci. In two patients (H. W. and 
B. P.), strains possessing the same phage pattern 
and antimicrobial sensitivities were isolated from 
the sputum and lung, respectively. In the re- 
maining three patients (L. F., R. C. and A. Z.), 
strains of different phage types were recovered 
from stool, sputum and lung. In each instance 
in which a different staphylococcal strain was iso- 
lated during hospitalization, it was found to be 


=. 


, predominating organism and/or pure culture. 
. Tetracycline; Nov, Novo- 


T 


in; CM, Chloramphenicol; 1 


ivity studies were performed these are recorded in units 


resistant to the antimicrobial drugs in use (Table 
XI). 
hospital appeared to be of possible importance in 
the fatal outcome in one patient (A. Z.). 


This apparent superinfection within the 


9. Comparison of the virologic findings in pa- 

tients with different clinical syndromes 

Separation of the clinical syndromes described 
was made on the basis of clinical evidence before 
virologic information became available. Differ- 
ences among clinical syndromes with respect to 
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TABLE XI 


Antibiotic sensitivities of 17 strains of coagulase positive staphylococic isoalted from 
patients with influenza and pneumonia 


Summary: 


Streptomycin Chloramphenicol Tetracycline Novobi 


Penicillin 


Erythromycin 


S* R* S R 


Primary sputum 
isolations 
(12 patients) 
Second isolations 
of staphylococcif 
(5 patients) 
*S, sensitive; R, resistant. , 
1 Different phage type in three of five. 


Ss R S R S R S 


Source of second isolates: sputum (eighteenth and forty-seventh days of 


hospitalization), two; lung (second and seventh days of hospitalization), two; stool (sixteenth day of hospitalization), one. 


the incidence of virus recovery from throat wash- 
ings and the concentrations of virus obtained from 
lungs at autopsy were subsequently noted. These 
differences are summarized in Table XII. 

Throat washings taken from 13 patients with 
secondary bacterial pneumonia did not yield in- 
fluenza virus in any patient. In contrast, influenza 
virus was recovered from throat washings of nine 
of 12 patients believed to have primary influenza 
virus pneumonia or mixed viral-bacterial pneu- 
monia. 
in the concentration of influenza virus in lung 
tissues obtained from patients dying with primary 


Significant differences were also noted 


influenza pneumonia or mixed viral-bacterial in- 


TABLE 


fections. Three of the four patients who died with 
the syndrome of primary influenza virus pneu- 
monia had pulmonary concentrations of influenza 
virus above 10* infectious units (EID,,) per Gm. 
of tissue. In contrast, 
less than 10? infectious units per Gm. were ob 


virus concentrations of 
tained in lungs of the three of four patients dying 
with mixed viral-bacterial pneumonia in whom in- 
fluenza virus could be recovered. 


10. Evidence of central nervous system involve- 
ment 


Three patients showed during their illness ab- 
normalities which suggested the possibility of 


XII 


Summary: Influenza virus isolations from throat washings and lung specimens 








Day of 
illness 
specimen 
obtained 





Secondary bacterial pneumonia 

Day of 

illness 
specimen 
obtained 


Speci- 


Patient men Result Patient 


Primary influenza virus pneumonia 


Mixed influenza virus-bacterial pneumonia 


Day of 
illness 
specimen 
obtained 


Result 
(conc./Gm 
lung)t 


Result 
(conc./Gm, 
lung)t 


Speci- 
men 


Speci 
Patient men 





. 


0 G. H. 5 
0 

0 Cc. P: 3 
0 

0 A: 3B. 

0 

0 

0 

0 

0 

0 

0 

0 


Se 
B.N. 
CG. 
DP. 
M. M. 
ae 
Pek 
N. M. 
i Uae 
G. M. 
H. W. 
| ie 
A. M. 


— jm 


Sod bm 
NOUW RDA eH SAN UIw 


EE SE ae ae ee TR Ie IE a 
SAMAR RRR RRS 


* TW, throat washing. 


H G. 
PE 


Lung rw 0 
rw + 
rw 

rw 

IW 

Lung 

rw 

rw rm 
rW i x Lung 
Lung 

rW + IW 


Lung Lung 


Lung 


rw 


Lung 


yn 
ww nw wea 


r\\ 


Lung 


t Concentrations of virus recorded in 50 per cent egg infectious doses (EI D5o). 
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central nervous system involvement. One pa- 
tient (J. B.), a 75 year old woman with primary 
influenza virus pneumonia, entered the hospital in 
semicoma and remained comatose throughout her 
10 day hospital course. Focal neurologic signs 


were not present. Cerebrospinal pressure, cell 
count, protein, sugar and chloride were normal on 
two occasions, and influenza virus was not re 
covered from cerebrospinal fluid. 

A second patient (A. C.) with primary in- 
fluenza virus pneumonia had a series of convul- 
sions followed by coma 24 hours after admission 
At autopsy no 


detected in the 


and expired eight hours later. 
pathologic abnormalities were 
brain. 

The third patient (P. FE.) 
terial and viral pneumonia initially responded well 


with combined bac- 


to oxygen and antimicrobial therapy. On _ his 
third hospital day he became lethargic. Twenty- 
four hours later he was noted to have a partial 
left II] cranial nerve paresis and a mild right 
hemiplegia. Cerebrospinal fluid was slightly xan- 
thochromic. Cerebrospinal fluid protein was 54 


and the cell count was normal. 


X-rays of the skull were normal and parietal burr 


mg. per cent 


holes did not reveal evidence of a subdural hema 
toma. Electroencephalograms were diffusely ab- 
normal and were felt to be compatible with en- 
cephalitis. No virus could be recovered from the 
cerebrospinal fluid. During the next three weeks 
the patient remained lethargic, confused, and dis 
oriented. His mentation changes and neurologic 
signs gradually improved, although at the time 
of discharge 40 days after admission his electro- 
encephalogram remained markedly abnormal. 
Whether the changes noted in these patients 
were related to severe hypoxia and profound illness 
or were a direct result of influenza virus infection 
was not satisfactorily answered by the present 


study 


I11. The course and therapy of influenza with pul- 


monary complications 


1. Influenza with secondary bacterial 


pneu- 
monia 
Patients with secondary bacterial pneumonia 
following influenza responded to treatment in a 
manner which did not differ from that observed 


in bacterial pneumonia uncomplicated by influenza. 
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The eight patients with pneumococcal pneumonia 
responded promptly to antimicrobial therapy which 
consisted of penicillin alone in five patients, peni- 
cillin in combination with erythromycin and strep- 
tomycin in two, and erythromycin and tetracycline 
in one patient who had a history of penicillin al- 
lergy. Temperatures returned to normal in two to 
eight days and physical findings of pneumonia 
cleared in four to 16 days. 

The five patients with staphylococcal pneumonia 
following influenza also responded satisfactorily 
to antimicrobial therapy. Four of these patients 
had infections produced by strains which were re- 
sistant to penicillin but sensitive to erythromycin 
and chloramphenicol. These four patients re- 


antimicrobial regimens which included 


The fifth patient, with pneumonia 


ceived 
erythromycin. 
caused by a staphylococcal strain resistant to high 
concentrations of streptomycin, chloramphenicol 
and erythromycin, appeared to respond to therapy 
which utilized all three of these agents. In this 
group, temperature response was slower, taking 
from four to 13 days for complete return to the 
afebrile cleared more 


state. Roentgenograms 


slowly. One patient developed roentgenographic 
evidence of pulmonary cavitation with subsequent 
slow resolution. The single patient with pneu- 
monia apparently due to Hemophilus influenzae 
responded promptly to therapy with chlorampheni- 
col and erythromycin. 

One patient (B. N.) developed her pneumonia 
while in the hospital. Sputum cultures consistently 
yielded Aerobacter aerogenes, Candida albicans 
and small numbers of hemolytic Staphylococcus 
aureus. Despite the administration of penicillin, 
streptomycin, tetracycline, erythromycin and chlor- 
amphenicol in varying combinations, she showed 
no significant improvement. On the thirty-seventh 
day of her illness the patient died suddenly with 
symptoms suggestive of a massive pulmonary em- 


bolus. No autopsy was obtained on this patient. 


2. Primary influenza virus pneumonia 

Treatment of the syndrome of primary influenza 
pneumonia was unsatisfectory, and only one of 
six patients in this group survived. Major thera- 
peutic problems were the high, unremitting fever, 


progressive respiratory disease with increasing 


hypoxia and the increasing respiratory and meta- 
bolic acidosis. 
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TABLE XIII 


Comparison of oxygen administration via positive pressure 
mask or intermittent positive pressure breathing (IPPB) 
mask on the arterial oxyhemoglobin saturation in 
patients with influenza virus pneumonia 


Arterial oxyhemoglobin saturation 
(per cent)* 

Positive 

pressure 

mask— 

100% O2 


IPPB 


Without 
Oz 100% Oz 


Patient 


91.0 96.5 
91.3 
94. 


91. 


82.6 93.9 


* All specimens were taken serially from the brachial 
artery; 15 to 20 minutes was allowed for stabilization 
under each test condition before samples were obtained. 

} Forty per cent O» administered. 


Despite the lack of evidence of bacterial infec- 
tion, each patient received intensive antimicrobial 
therapy, the details of which are outlined in the 
individual case reports. In no instance was there 
any apparent improvement following administra- 
tion of antibacterial agents. 

The severe hypoxia and marked cyanosis were 
not corrected by the use of an oxygen tent or rou- 
tine oxygen face mask. Arterial blood oxygen 
saturation studies performed on three patients in- 
dicated that oxygen administered via the Bennett 
Intermittent Positive Pressure Breathing (IPPB)* 
Apparatus resulted in maximal improvement in 
oxyhemoglobin saturation. As noted in Table 
XIII, significant increase in arterial oxygen satu- 
ration followed the use of a positive pressure mask, 
but in each case further improvement in oxygen 
saturation was achieved by use of the [PPB mask. 

Unfortunately, the [PPB mask was not tolerated 
by most patients for prolonged periods of time. 
The cycling apparatus proved fatiguing to the pa- 
tient, and claustrophobia and agitation were com- 
monly intensified by the mask. Also, the intro- 
duction of air under pressure was frequently ir- 
ritating and appeared to dry the pharynx and 


tracheobronchial passages. This often resulted 


in thick tenacious secretions which were difficult 


to remove despite maintenance of high humidity in 


4The IPPB mask used in these studies was obtained 


from V. Ray Bennett and Assoc., Inc., Los Angeles, 


Calif. 


the mask by alternating aerosols of bronchodila- 
tors, Alevaire® and normal saline. 
tient who survived was the only patient able to 
tolerate intermittent positive pressure breathing 


The one pa- 


for long periods of time. 

Five of the six patients, including the patient 
who survived, received adrenal steroids in doses 
which varied from the equivalent of 400 mg. to 
1,000 mg. of cortisone acetate daily. Steroids 
used were hydrocortisone, which was administered 
intravenously, or prednisone, which was given 
intramuscularly or orally. In the majority of pa- 
tients the administration of steroids appeared to 
reduce the fever. In certain instances, discussed 
in more detail in the case reports, the administra- 
tion of intravenous hydrocortisone appeared to re- 
sult in a transient improvement in the pulmo- 
nary signs and respiratory distress. Nevertheless, 
steroids did not appear to alter significantly the 
overall course of the illness. 
virus and bacterial 


3. Coincident influenza 


pneumonia 


Five of the nine patients with combined viral 
and bacterial pneumonia recovered despite the 
illness admission. 


critical nature of their 


Therapy was similar to that utilized in primary in- 


upon 


fluenza virus pneumonia except for the choice of 
antibiotics. In each instance, antibacterial therapy 
with penicillin, streptomycin and either erythro- 
mycin or chloramphenicol was administered until 
a specific bacteriologic agent was isolated and its 
in vitro. sensitivity to antibiotics determined. 
Thereupon the antibiotic regimen was altered 
when necessary to include the most appropriate 
adminis 


antimicrobials. was 


tered in the same manner as in primary influenza 


Oxygen therapy 


virus pneumonia and was fraught with the same 
difficulties. 

Seven of the nine patients also received steroid 
hormones in dosage equivalent to 400 to 1,000 mg. 
cortisone acetate daily. Temperatures fell to 
wards normal concurrently with steroid therapy in 
four of the seven. Dramatic temporary improve- 
ment with subsequent relapse was noted following 


In the 


) 


steroid treatment in one patient (R. C.). 
remaining patients there were no striking effects 
on the clinical course. 

Four patients with evidence of combined viral 
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and bacterial pneumonia died during the course 
of their illness. One patient (F. Rk.) with pneumo- 
coceal and viral pneumonia died on the sixth day 
of his illness with a progressive diffuse pulmonary 
disease in every way similar to that seen in pri- 
mary influenza virus pneumonia. Lung = speci- 
mens obtained post mortem were sterile on bac- 
teriologic culture, and influenza virus was_ re- 
covered in a concentration of 10° infectious units 
(EID,,) per Gm. 

Two patients (A. Z. and B. P.) died of over- 
whelming staphylococcal and influenza virus pneu- 
monia. One patient (R. C.) died 53 days after 
the onset of her initial influenza symptoms with 
an acute myocarditis and pulmonary arteritis of 
unknown etiology. Patients A. Z., B. P. and R. C. 


are described in detail in the case report section. 


#. Treatment of the hypercapnea and respiratory 
acidosis observed in patients with diffuse pul- 
monary involvement 


Seven of the 15 patients with primary viral or 
combined viral and bacterial pneumonia developed 
progressive respiratory acidosis with increasing 
partial pressures of carbon dioxide and falling ar- 
terial blood pH. In five patients serum. bicarbo- 
nate levels rose progressively as carbon dioxide 
tension rose, resulting in a partially compensated 
acidosis. 

Because of the severe carbon dioxide retention, 
acetazoleamide (Diamox®), 250 mg., was ad- 
ministered every six hours to four of these patients 
for periods of several days. The results of this 
therapy are presented in Table XIV 

Three patients had a diuresis and serum carbon 
dioxide combining power returned to normal. No 
significant fall in blood pH occurred during aceta- 
zoleamide therapy, and all three patients showed 
definite clinical improvement with reduction in 
pulmonary signs and subjective respiratory dis 
tress. In the remaining patient (A. Z.) a return 
of blood carbon dioxide and pH to normal was 
noted, but no clinical improvement was observed. 


I]. Pathologic findings at postmortem examina- 
tion 
1. Primary influenza virus pneumonia 


Complete postmortem examinations were per 


formed on four patients who died with the syn 


KILBOURNE, 


a pneumonia 


Effects of acetazoleamide on the carbon dioxide retention and respiratory acidosis noted in four patients with influen 


AND 


ROGER 


mM/L, 


mEq./L. 


mM He 


S 


Day after 


admission 


y 


Preceding 


acetazoleamide 


acetazoleamide 





Y, PRIMARY INFLUENZA VikUS PNEUMONIA, 


IIc. 
Case G. H. 


Ulceration of a small bronchus in the right lower lobe. 


Note that adjacent alveoli are filled with erythrocytes ad 
Neutrophilic leukocytes are present, 
Hematoxylin and eosin 90 X. 


mixed with fibrin. 
but in small numbers. 


Fic. 8. Primary INFLUENZA Virus PNEUMONIA, 
Case G. H 

alveolar ducts and 

the relative paucity 


He- 


Hyaline acellular membrane lining 
alveoli of the right upper lobe. Note 
of inflammatory cells or erythrocytes in the alveoli. 


matoxylin and eosin 180 





COMBINED INFLUENZA VIRUS AND STAPHYLO- 


Fic. 11. 


COCCAL PNEUMONIA, Case A. Z. 
Wall of small abscess showing central zone of necrosis 
containing colonies of staphylococci and adjacent masses 
Hematoxylin and eosin 


of neutrophilic leukocytes. 


240 X. 


PRIMARY INFLUENZA VIRUS PNEUMONIA, 
Case C. P. 


Ulceration of small bronchus in the left lower lobe. 


Fic. 10. 


Large numbers of neutrophilic leukocytes are present 
within the lumen and the wall of the bronchus and alveo- 


Note the hyperemia of capillaries and alveo- 


lar spaces. 
lar hemorrhage A few alveolar walls are necrotic. 


Hematoxylin and eosin 120 X 





THE PULMONARY COMPLICATIONS OF 


drome believed to represent influenza virus pneu- 


monia without bacterial involvement. Each of 


these cases showed distinctive gross and micro- 
scopic alterations. High titers of influenza virus 
were demonstrated in the lungs of three, and patho- 


genic bacteria could not be demonstrated in cul- 


ture or in numerous histological preparations of 


the lungs in these patients (G. H., C. P. and 
&, ©). 


terminally, and a small number of fungi and bac- 


The fourth case (J. B.) aspirated pre- 


teria were demonstrated about aspirated material 
within bronchi but did not appear of importance 
in the diffuse 


causation of the parenchymal 


changes. In this case, influenza virus was not re- 
covered from the lung but was isolated from the 
throat washings during life. 

The lungs in each of the four cases presented 
remarkably similar alterations. The trachea and 
bronchi often contained bloody fluid, and the 
The 


chyma was dark red, markedly congested, edema- 


mucosa was strikingly hyperemic. paren- 


tous and heavy. The total weight of both lungs 
varied from 1,600 to 4,000 Gm. 
ten greatly diminished or absent, especially in the 


Crepitus was of- 


posterior and inferior portions, and these areas 
were dark purple-red in contrast to the somewhat 
lighter color of the upper lobes. On section, large 
amounts of blood-tinged fluid flowed from the dark 
red surfaces, and irregular hemorrhagic areas, 
ranging from a few millimeters to 6 cm. across, 
were frequently encountered. The pulmonary 
arteries and veins in these areas were devoid of 
thrombi. 

Widespread and striking microscopic alterations 
were found in varying degrees in all four cases 
(Figures 8-10). Tracheitis, bronchitis and bron- 
chiolitis with loss of normal ciliated epithelial cells 
were prominent and were frequently associated 
with evidence of epithelial regeneration. Sub- 
mucosal hyperemia, focal hemorrhage, hemor- 
rhage, edema and a slight cellular infiltrate were 
present in such areas. The alveolar spaces con- 
tained varying numbers of neutrophils and mono- 
nuclear cells admixed with fibrin and edema fluid 
(Figures 8-10). 
markedly hyperemic and intra-alveolar hemorrhage 


The alveolar capillaries were 


was common, particularly in the lower lobes (Fig- 
ure 9), Focal necrosis of the alveolar septa was 


found in only one case. In general, all changes 


INFLUENZA 


described were most marked in the lower lobes, 
as demonstrated in Figures 8 and 9, 

In each of the cases, striking acellular, hyaline 
membranes lined many of the alveolar ducts and 
alveoli. Such hyaline membranes were frequently 
prominent in areas that showed minimal cellular 
exudation, 
revealed chronic 


Examination of the heart 


cardiac disease in each of the four. Two patients 
had severe rheumatic valvular damage with severe 
mitral valve deformities; one patient showed ex- 
tensive coronary atherosclerosis. Cardiac changes 
compatible with longstanding hypertension were 
noted in the remaining patient. 

In no instance was there gross or microscopic 
evidence of myocarditis. Microscopic examina- 
tion of the brain failed to show evidence of en- 
cephalitis in the three cases in which examination 


was permitted. 


2. Combined influenza virus and bacterial pneu 
monia 


Postmortem studies were also performed on 
four patients believed to have concomitant intlu- 
enza virus and bacterial pneumonia. ‘Two patients 
who died on the fifth and tenth days of illness 
(B. P. and A. Z.) showed gross and microscopic 
changes generally similar to those described in 
the primary influenza virus pneumonia group. 
In addition, both patients had a diffuse, necrotiz- 
ing pneumonia. Microabscesses in which myriads 


of gram-positive cocci could be easily demon 
strated were found throughout the lungs (Figure 


Py. 


aureus. 


Cultures yielded hemolytic Staphylococcus 
Influenza virus was also recovered from 
examination of the heart 
The 


one brain examined showed no gross or micro 


the lungs of both cases. 
in both cases failed to show abnormalities. 
scopic changes. 

.and G. A.), 


death occurred two months after the onset of in 


In the remaining two patients (R. ( 


fluenza symptoms. Influenza virus was not re 
covered from these lungs post mortem, although 
the virus had been previously obtained from throat 
washings. 

One patient (R. C.) died 53 days after the onset 
At autopsy, chronic rheumatic heart 


In addi 


of influenza. 


disease with mitral stenosis was found. 


tion, a widespread, acute, necrotizing myocarditis 
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and subacute pulmonary arteriolitis were present. 
The lungs failed to show hyaline membrane for- 
mation, bronchiolitis or other changes that could 
be clearly attributed to the initial viral infection. 
The etiology of the arteriolitis and myocarditis in 
this patient was not determined. The striking 
polymorphonuclear infiltration of the myocardium 
appeared of recent origin. 

A., Autopsy No. 


17365) with a pneumonia believed to be due to 


The remaining patient (G. 


both viral and bacterial infection responded well 
to therapy and was discharged after complete re- 
covery. He re-entered the hospital six weeks later 
with a fresh myocardial infarction and subse- 
quently expired. Autopsy studies failed to reveal 
evidence of residual pulmonary abnormalities that 
could be attributed to the previous influenza in- 
fection. The brain appeared normal. The detailed 
postmortem findings are included in the indi- 
vidual case reports. 


CASE REPORTS 


I. Influenza complicated by bacterial pneumonia 


The four patients discussed below characterize 
the spectrum of illness as observed in 15 patients 
who developed bacterial pneumonia following in- 
fluenza infection. 


1. N. Q., NYH 778883 


admitted on Sept. 30, 1957, with fever, chest pain and 


A 21 year old white man was 
bloody sputum. Five days prior to admission the patient 
had noted the onset of a moderately sore throat, chilly 
sensations, anorexia, photophobia, dry cough and eye ball 
soreness. On bedrest there was progressive improve- 
The evening before ad- 


He de 


veloped pleuritic right anterolateral chest pain, and his 


ment over the next three days. 
mission the patient became precipitously worse. 


cough became productive of bloody sputum 

Physical examination on admission revealed a tem 
perature of 40.5° C., heart rate of 100 beats per minute, 
respirations of 30 per minute and blood pressure of 150/ 
60 mm. Hg. The patient was lethargic and acutely ill. 
There was splinting of the right lower thorax on res- 
piration. A right pleural friction rub was present, and 
dullness to percussion, bronchial breath sounds, egophony 
and fine inspiratory rales were noted over the right base 
posteriorly. The remainder of the physical examination 
was not remarkable. 

Initial laboratory studies showed a white blood cell 
count of 12,200 per cu. mm. with 71 per cent mature poly- 
morphonuclear cells and 10 per cent immature forms. 
The erythrocyte sedimentation rate was 46 mm. per hour. 
Sputum smears demonstrated many polymorphonuclear 


cells and masses of gram-positive cocci. Sputum cul- 


ELLIS, KILBOURNE, 


AND ROGERS 


tures contained an almost pure growth of hemolytic 
Staphylococcus aureus. This microorganism was re- 
sistant to penicillin but sensitive to erythromycin, chlor- 
amphenicol, streptomycin and novobiocin. The admission 
chest roentgenogram, shown in Figure 12, demonstrated 
a localized right lower lobe infiltrate. 

Therapy was initiated with aqueous penicillin, 2.4 mil- 
lion units per day; dihydrostreptomycin, 2 Gm. per day; 
The course of the pa- 
tient’s illness is shown in Figure 13. During the first 
five days the temperature ranged to above 39° C. and the 
patient remained extremely ill. A right pleural effusion 
developed which was sterile upon culture. During the 
ensuing 18 days the temperature returned gradually to 
normal, and the pleural effusion slowly resolved. A 
chest roentgenogram taken on the tenth hospital day 
showed cavity formation within the area of pneumonia 
(Figure 14). occurred on con- 
tinued therapy, and the patient was discharged asymp- 
tomatic after 32 days of hospitalization. A serum ob- 
tained late in his illness (22 days) showed a comple- 
ment fixing titer of 1:512 against the Japan 305 strain 
of influenza virus. 


and erythromycin, 2 Gm. per day. 


Complete resolution 


This patient had rather typical 
influenza 


Comment. 


staphylococcal pneumonia following 
caused by a strain sensitive to most antibiotics. 
There was a definite period of improvement after 
influenza, followed by new symptoms consisting 


of pleural pain, marked exacerbation of cough, and 


Fic. 12. Apmiss1on CHEST ROENTGENOGRAM ON Pa- 
TIENT N. Q., A 21 YEAR O_tp MAN wITH INFLUENZA 
COMPLICATED BY STAPHYLOCOCCAL PNEUMONIA OF THE 
RicgHt Lower Lose 
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bloody sputum which heralded the onset of the 
staphylococcal infection. 


2. C. G., NYH 780147. 
admitted on Oct. 4, 1957, with fever, chest pain and a 
productive cough. The patient was well until 11 days 
prior to admission when he developed fever, headache, 
sore throat, diffuse myalgias, diarrhea, vomiting and 
cough which was productive of small amounts of grayish 
sputum. On bedrest he improved quite markedly so that 
two days later he was able to return to work. The next 
day he had a shaking chill and noted the onset of left 
chest pain, and his cough increased. He was treated with 
penicillin and tetracycline, but his symptoms continued 


A 59 year old white man was 


and he was admitted to the hospital. 

Physical examination revealed a well-developed, well- 
nourished man who appeared in no acute distress. Ad- 
mission temperature was 38.5° C., pulse 76 beats per 
minute, respirations 24 per minute, and blood pressure 
130/70 mm. Hg. Examination of the chest revealed dull- 
ness to percussion posteriorly over the medial part of 
both lower lung fields. Breath sounds were diminished, 
and sticky, inspiratory rales were heard over the areas 
of dullness. The remainder of the physical examination 
was within normal limits. 

The initial white blood cell count was 13,600 leuko- 
cytes per cu. mm. with 69 per cent mature polymorpho- 
nuclear cells and 17 per cent band forms; the erythro- 
cyte sedimentation rate was 22 mm. per hour. Examina- 
tion of sputum smears revealed many polymorphonu- 


CoursE OF ILLNESS IN PaTIENT N. Q. 


clear cells and gram-positive cocci. Sputum cultures 


showed a heavy growth of hemolytic Staphylococcus 
aureus (phage type 524/79) and Hemophilus influenzae. 
The staphylococcus isolated was resistant to 6.25 units 
of penicillin and sensitive to streptomycin, erythromycin, 
tetracycline, Chest 
roentgenogram showed a bilateral lower lobe pneumonia. 


chloramphenicol and _ novobiocin. 
Influenza virus was not recovered from a throat washing. 

The patient was placed on a daily dosage of 2 Gm. 
each of dihydrostreptomycin, erythromycin and chlor- 
amphenicol. He became afebrile by the fourth hospital 
day and remained so during the remainder of hospitaliza 
tion. The involvement 


cleared slowly. 


physical signs of pulmonary 
One month after admission, physical and 
roentgenologic examination were both within normal lim 
its. 
plement fixing antibody titers of 1:512 and 1: 1024 re- 


Serum obtained on Days 14 and 24 showed com- 


spectively against the Japan 305 strain of influenza virus. 

Comment. This patient had a bacterial pneu- 
monia following typical influenza. Both 
lytic Staphylococcus aureus and Hemophilus tn- 


A dis- 


tinct period of improvement after influenza was 


hemo- 
fluenzae were cultured from the sputum. 


followed by symptoms suggesting bacterial pulmo- 
nary infection. Complete recovery followed pro- 
longed antimicrobial therapy. 

3. D. P.. NYH 495539. 
admitted on Oct. 11, 1957, 


A 15 year old school girl was 


with fever. headache and a 
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Fic. 14 


oN Day 


Patient N. Q 
HosPITALIZATION SHOWING A MULTILOCI 


CHEST ROENTGENOGRAM ON 
10 oF 
AREA OF PNEUMONIA 


LATED CAVITY IN THE 


productive cough. Five days prior to admission the pa 
tient developed a frontal headache which was rapidly fol 
lowed by anorexia, chilliness, fever and diffuse myalgia. 
A cough developed-«which was productive of small amounts 
of yellow, thick sputum. Three days before admission 
| 


she had returned to school, but profound malaise, ano 
rexia and productive cough persisted 
revealed a tem 


At admission, physical examination 


perature of 39° C., pulse rate 100 beats per minute, res 
pirations 28 per minute, and blood pressure of 108/80 mm 
Hg. Splinting of the left hemithorax and tenderness of 
Signs of 
field 


Physi- 


the left lower chest to palpation were noted. 


consolidation were evident over the left lower lung 


posteriorly, and a pleural friction rub was present 
cal examination was otherwise within normal limits 


Che initial white blood count was 10,200 per cu. mm. 


with 60 per cent polymorphonuclear leukocytes, 17 per 


cent immature granulocytes, and the erythrocyte  sedi- 


mentation rate was 34 mm. per hour. Sputum smears 


showed many gram-positive diplococci, and cultures of 
throat and sputum disclosed large numbers of 


VIII Mouse 


from the patient also yielded the same organism 


the nose : 


pneumococci, type inoculation of sputum 


The ad 
lobe 


mission chest roentgenogram revealed a left lower 


infiltrate 


Therapy was instituted with 300,000 units of procaine 


penicillin administered every 12 hours. The patient be 


came afebrile 18 hours after admission and remained so 
during the remainder of her hospitalization. Chest roent 
genograms showed complete clearing of the pneumonic 
A 16-fold rise in 


infiltrate by the eighth hospital day. 
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complement fixing antibody to influenza A virus (Japan 
305 strain) was demonstrated with paired sera obtained 
on the sixth and sixteenth day of the patient's illness. 


Comment. This patient developed pneumococcal 
lobar pneumonia following typical influenza. In 
this instance the bacterial complication blended 
with the initial viral infection. At no time during 
her illness was there a definite change in sympto- 


matology which dated the onset of her bacterial 


The response on appropriate antibiotic 


infection. 
therapy was satisfactory. 


4. R. LL, NYH 506121. 


severe muscular dystrophy was admitted on Oct. 17, 1957, 


A 22 year old white man with 
because of fever, dyspnea and chest pain. Six days prior 
to admission he developed an illness characterized by dif- 
fuse myalgia, fever, cough and bifrontal headache. Over 
the next three days he improved but then noted a sudden 
exacerbation of symptoms with increased cough produc- 
tive of blood-streaked sputum, chest pain and dyspnea. 
These symptoms became progressively worse and neces- 
sitated hospitalization. 

On admission, physical examination revealed a young 
man with extensive muscular dystrophy who was in mod- 
erate respiratory distress. There was minimal cyanosis 
The admission temperature was 


C., heart rate 110 per minute, respirations 22 per 


of the lips and nailbeds. 
39.6 
minute, and blood pressure 120/80 mm. Hg. Bilateral in 
sticky 
posteriorly, and signs of consolidation were evident over 


spiratory rales were heard over the lower lobes 


the right upper lobe. The remainder of the physical ex- 


amination was unremarkable. 


Fic. 15. 


}rIENT R. L., 


ADMISSION CHEST ROENTGENOGRAM ON PA 


A 32 YEAR OLD MAN WITH INFLUENZA CoM- 
Up- 


PLICATED BY PNEUMOCOCCAL PNEUMONIA OF RIGHT 


PER, Right Lower AND Lert Lower Lopes 





THE PULMONARY COMPL 


ICATIONS OF INFLUENZA 





DAY OF 
iuness| 7 | 8 | 9 


Te lulels 





TEMPERATURE 


RL.24¢ 


SECONDARY 
PNEUMOCOCCAL PNEUMONIA 





BACTERIAL | SPUTUM — PNEUMOCOCCUS TYPE II 
CULTURES BLOOD -O 
VIRAL | THROAT -0O 





VIRAL ANTIBOOY COMP FIX 1 Si2 
TITER 


COM Fy Fix 1 024) 





RUL, RLL 


A=RAVS LLL INFILTRATE 


’ 
a RESOLUTION 


IMPROVE MENT 





wec 175 
% PMN 90 


65 








PENICILLIN 





THERAPY 


ERYTHROMYCIN 





STREPTOMYCIN 








| 

















Fic. 16. Course oF ILLNESS IN PaTIENT R. L. 


The admission white blood cell count was 17,500 cells 
per cu. mm. with 90 per cent polymorphonuclear leuko- 
cytes. The carbon dioxide combining power was 32 mM 
per L. A chest roentgenogram revealed infiltrates of 
the right upper lobe, right lower lobe and left lower lobe 
(Figure 15). No sputum could he raised by the patient 
upon admission. Large numbers of pneumococci, type IIT, 
were demonstrated in admission throat cultures. Blood 
cultures were sterile. 

Influenza virus was not isolated from initial throat 
washings obtained on Day 7 of illness, but complement 
fixing antibody titers of 1: 512 and 1: 1024 were demon- 
strated with serums taken on the seventh and eighteenth 
days of illness. 

The patient’s course is pictured in Figure 16. Therapy 
consisted of oxygen by tent: streptomycin, 2 Gm. per 
day; erythromycin, 2 Gm. per day; and penicillin, 2.4 
million units per day. The patient became afebrile in 
48 hours and recovery thereafter was uneventful. 

Comment. This patient with muscular dys- 
trophy had typical influenza followed three days 
later by pneumococcal pneumonia involving three 
lobes. Prompt and uneventful recovery followed 
institution of antimicrobial therapy. 


IT. Primary influensa virus pneumonia 


Six patients in the present series had influenza 
virus infection without demonstrable bacterial in- 


fection. Because of the importance of docu 
menting this syndrome, the essential data relative 


to all six patients are reported here. 


1. G. H., NYH 746483. A 49 year old man with long 
standing rheumatic mitral stenosis and insufficiency was 
admitted on Oct. 5, 1957, with a 20 hour history of fever 
and progressive respiratory difhculty. The day prior to 
admission the patient had developed generalized myalgia, 
headache, fever and a nonproductive cough. During the 
next 18 hours his cough became progressively worse 
and productive of bloody sputum. Dyspnea increased re 
lentlessly and precipitated his admission 

On admission the patient appeared cyanotic, markedly 
dyspneic and critically ill. The admission temperature 
was 40° C., the pulse was irregular at 90 beats per minute, 
respirations were 40 per minute, and blood pressure 125 
80 mm. Hg. 

The neck and arm veins were not distended. Examina 
tion of the chest revealed no evidence of local consolida 
tion. Coarse inspiratory rales and occasional rhonchi at 
both lung bases posteriorly were the only pulmonary 
findings, despite the severe respiratory distress Phe 
heart was markedly enlarged and had a mitral configu 
ration. The rhythm was that of auricular fibrillation. A 
harsh, blowing systolic murmur was heard at the apical 
area, but because of the patient's stertorous breathing no 
other murmurs could be distinguished The liver was 
not enlarged and peripheral edema was not detected. 


Laboratory studies revealed a hemoglobin concentra- 
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tion of 18 Gm. and a white blood cell count of 19,200 cells 
per cu. mm. with 24 per cent polymorphonuclear cells, 64 
per cent band forms and 6 per cent metamyelocytes. 


Venous pressure was 90 mm. saline at the level of the 
An electrocardiogram did not differ from 
Blood urea nitrogen was 20 mg. per 


right auricle. 
previous tracings. 
cent, and the venous carbon dioxide combining power 
22 mM per L. A sputum smear revealed moderate num- 
bers of leukocytes and rare gram-positive cocci. Only 
a rare colony of pneumococci plus normal pharyngeal 
flora were grown on culture. The initial chest roentgeno- 
Figure 17, revealed an extensive, bi- 
nodular infiltrate fanning peripherally 
from the A fusiform shadow seen in the 
right mid-lung field was believed to represent an inter- 
lobar effusion in the right horizontal fissure. This had 
been present in roentgenograms taken prior to the present 


gram, shown in 
lateral, diffusely 


hilar regions. 


illness 

The patient’s course is depicted in Figure 18. He was 
placed in an oxygen tent, and treatment with penicillin, 
The 
administration of morphine sulfate, digitoxin, diuretics, 
nebulizer did not 
The patient's 


streptomycin and chloramphenicol was inititated. 


aminophyllin and Vaponephrine® by 


notably improve his respiratory distress. 


ADMISSION CHEST ROENTGENOGRAM ON Pa- 
H., a 49 Year O_p MAN witH Primary IN- 
UPON RHEUMATIC 
INSUFFI- 


Fic. 17. 
MENT G., 
PNEUMONIA SUPERIMPOSED 
WITH MitTRAL STENOSIS AND 


FLUENZA 
Heart DIseAst 
CIENCY 

The density in the right mid-lung field represents a 
loculated interlobar effusion which was present prior to 


the acute illness. 
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temperature rose to 40.9° C. and pulmonary rales in- 
creased bilaterally. During the second 24 hours he 
showed transient improvement, but this was followed by 
steady deterioration. Inspiratory rales were gradually 
replaced by expiratory rales, low-pitched grating rhonchi 
and coarse breath sounds of diminished intensity. Cy- 
anosis was progressive and dyspnea became unbearable. 
The patient became extremely agitated and was un- 
able to tolerate an oxygen mask of any sort except for 
two to three minutes at a time. Seventy-two hours after 
admission his blood pressure became unobtainable. De- 
spite intensive therapy, which included hydrocortisone 
and levarterenol, the patient died on the fourth hospital 
day. 

Findings at autopsy (Autopsy No. 17247). 
nificant postmortem findings were confined to the lungs 
The heart weighed 600 Gm. and showed 


The sig- 


and_ heart. 
changes characteristic of rheumatic heart disease with se- 
vere mitral stenosis. The mitral valve was thickened and 
stenotic. The aortic valve cusps were rigid and thick- 
ened. The chambers of the heart were dilated and the 
right and left ventricles were hypertrophied. The left 
auricular appendage contained a well-organized mural 
thrombus. Multiple sections of the heart examined mi- 
croscopically showed no evidence of myocarditis. 

The lungs were intensely engorged and failed to col- 
lapse when the chest was opened. Their combined weight 
was 4,000 Gm. The trachea and bronchi contained much 
foamy, blood-stained fluid, and the underlying mucosa 
was markedly hyperemic and exhibited many focal ulcera- 
tions. The parenchyma throughout all lobes was dark 
red and subcrepitant, and large amounts of thin, blood- 
tinged fluid flowed from the cut surface. 

On microscopic examination the mucosa of the trachea 
and major bronchi was focally ulcerated or covered only 
by a low cuboidal epithelium. The submucosa in such 
areas showed marked vascular congestion, focal hemor- 
rhages, edema and a diffuse but scanty infiltration with 
lymphocytes, plasma cells and neutrophils. The process 
was patchy, however, and some bronchi were lined by 
ciliated epithelial cells that appeared essentially normal. 

In the parenchyma of the upper lobes the chief alte 
tions consisted of hyperemia of alveolar capillaries, focal 
alveolar hemorrhages, and a very prominent thick, acel- 
lular hyaline membrane that covered the surfaces of the 
majority of the alveoli and alveolar ducts (see Figure 8). 
Many alveoli were filled with a pink, granular precipitate 
admixed with strands of fibrin, a moderate number of 
histocytes con- 

The ciliated 


erythrocytes and neutrophils, and many 


taining hemosiderin or carbon particles. 
epithelium of the small bronchi in the upper lobes ap- 
peared essentially normal. 

In the 


more marked (see Figure 9). 


abnormalities similar but 


Many small bronchi were 


lower lobes were 


ulcerated or covered by a low cuboidal epithelium which 


exhibited considerable numbers of mitoses. In some 


areas, many alveoli contained large numbers of neutro- 
phils and hemorrhage was more widespread. Bacteria 
could not be demonstrated in multiple sections specially 


stained by the Gram and Giemsa methods. 
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Bacteriologic cultures performed independently in two 
laboratories failed to reveal growth of bacteria. Influ- 
enza A virus of the Asian type was recovered from lung 
tissue in concentrations of 10°° infective virus particles 
per Gm. 

Examination of the brain failed to show encephalitis or 
other unusual changes. 

2. C. P., NYH 667901. A 47 year old white man was 
admitted to the hospital on Oct. 11, 1957, with fever and 
rapidly progressing dyspnea. The patient had known 
rheumatic heart disease with predominating mitral in 
sufficiency of many years duration. Chronic exertional 
dyspnea and orthopnea had been present for at least five 
years. The day prior to admission the patient developed 
fever, shaking chills, headache, myalgia and a_ severe 
nonproductive cough. During the night his cough be- 
came productive of thick, white sputum, and he developed 
marked respiratory distress for which he was admitted 
to the hospital. 

Physical examination revealed an acutely ill, cyanotic 
man in severe respiratory distress. The admission tem- 
perature was 39.5° C., heart rate 128 beats per minute, 
respirations 38 per minute, and blood pressure 130/80 
mm. Hg. The neck not distended. Per 


cussion of the chest revealed no local areas of dullness. 


veins were 
Fine, moist rales were heard throughout the chest ac- 
companied by diffuse inspiratory and expiratory wheezes. 
Coarse, sticky, inspiratory rales were present at the right 
base. The heart was grossly enlarged to percussion, and 
loud apical systolic and diastolic murmurs were noted. 
There was no peripheral edema. 


CoursE OF ILLNESS IN Patient G. H. 


The white blood cell count obtained on admission was 
15,300 cells per cu. mm. with 82 per cent mature poly 
morphonuclear cells and 18 per cent band forms. The 
hematocrit was 49 per cent; the erythrocyte sedimenta 
tion rate 14 mm. per hour. Urinalysis gave a 4 plus test 
for protein; the carbon dioxide combining power was 29 


mM per L. Venous pressure was 120 mm. saline at the 
of the An 
vealed no changes from previous tracings 
of 


predominating 


level right auricle. electrocardiogram re 


Examination stained sputum smears failed to re 


veal any microorganisms Sputum cul 
tures yielded a sparse, mixed flora in which a few col 
of Diplococcus pyo 
cyaneus, and Proteus vulgaris could be identified. Blood 
sterile. The roentgenogram, 


19, demonstrated a greatly 


onies pneumoniae, Pseudomonas 


cultures were initial chest 


shown in Figure enlarged 
heart and a diffuse, bilateral infiltrate radiating from the 
hilum which was compatible with either a diffuse pneumo 
nitis or acute pulmonary edema 

The patient was given oxygen by mask, and penicil 


lin, streptomycin and erythromycin were administered 
Digitalization was increased and aminophyllin was given 
intravenously without significant improvement in the pul 
monary findings. Because of the patient’s profound air 
hunger, attempts were made to administer oxygen via a 
positive pressure mask or the IPPB mask, but the pa- 
tient became markedly agitated and extremely weak with 
The 


de 


either mask and would not tolerate such therapy. 


morning after admission he became rapidly worse, 


veloped increasing respiratory distress and cyanosis, and 


his blood pressure fell to shock levels. He was placed 
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ADMISSION CHEST ROENTGENOGRAM ON Pa- 
P., A 47 Year O_p MAN 


FLUENZA VIRUS PNEUMONIA SUPERIMPOSED UPON RHEU- 


TIENT WITH Primary IN- 


MATIC HEART DISEASE WITH MITRAL INSUFFICIENCY 


on levarterenol and was given 500 mg. of hydrocorti 


sone intravenously. The patient became progressively 

more hypoxic and cyanotic, had a convulsion and died 

approximately 60 hours after the onset of his illness. 
lindings at autopsy (Autopsy No. 17257) 


cipal findings were confined to the heart and lungs. The 


The prin 


heart weighed 650 Gm. and showed changes character 


istic of rheumatic heart disease with involversent of the 


mitral, aortic and tricuspid valves. The mitral valve ap 


peared grossly incompetent because of shortening and 


fusion of the chordae tendineae and thickening of the 


leaflets at the line of closure The aortic valve showed 
shortening of the left cusp and fusion of the commissures 
of the posterior and left cusps The tricuspid valve was 
thickened along the lines of closure. There was marked 
The peri 


Mi 


areas ot 


hypertrophy and dilatation of both ventricles 
cardial cavity was obliterated by fibrous adhesions 


croscopic sections of the heart showed a few 


focal fibrosis but no other unusual changes 
The combined weight of the lungs was 2,100 Gm. and 
the parenchyma was diffusely firm, noncrepitant, and 


dark red. The 


much blood-stained mucus, and the bronchus to the left 


trachea and major bronchi contained 


upper lobe was plugged with bloody mucus. The cut 


section of the lungs revealed numerous dark red nodular 


areas of hemorrhage. The pulmonary arteries and veins 


appeared grossly normal in hemorrhagic area and were 


devoid of thrombi 
On microscopic examination the mucosa of the trachea 


and larger bronchi was focally denuded or ulcerated. In 
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a few areas only the basal cell layer of the mucosa re- 
mained. The blood vessels of the submucosa were mark- 
edly hyperemic, and the interstitial tissue was edematous 
and infiltrated with many lymphocytes and plasma cells 
and lesser numbers of neutrophils. Many of the smaller 
bronchi contained plugs composed of mucus and neutro- 
phils. 

The alveolar capillaries were engorged with erythro- 
cytes and there were numerous focal areas of alveolar 
Many cf the alveolar spaces contained a 
fibrin. 


hemorrhage. 


pink granular precipitate and small strands of 
Only a small number of alveolar walls were covered by 
hyaline membranes. The alveolar spaces of the upper 


lobes contained considerable numbers of hemosiderin- 
laden macrophages and only a few neutrophils, while in 
the lower lobes exudation of neutrophilic leukocytes was 
more marked, as shown in Figure 10. The mucosa of 
many of the smaller bronchi was ulcerated and there was 
necrosis of adjacent alveolar walls and hemorrhage with 
a moderate interstitial edema. No unusual changes were 
noted in the brain or other viscera. 

Numerous sections of various lobes were stained by 
Gram’s method and bacteria could not be demonstrated. 
Multiple cultures of showed no_ bacterial 


lung tissue 


growth on prolonged incubation. The Asian strain of in- 
fluenza A virus was recovered from lung tissue in con 
centrations of 10°* infectious units per Gm. 

3. A. B.. NYH 757624. 


rheumatic mitral insuthciency and aortic stenosis was ad- 


A 45 year old white man with 


2 


mitted on Oct. 13, 
Kor one year prior to admission the pa- 


1957, with fever and rapidly increas- 
ing dyspnea. 
tient had noted exertional dyspnea and mild orthopnea. 
One and one-half days prior to admission he had devel- 
oped fever, bifrontal headache, generalized myalgia, a 
moderate sore throat and a nonproductive cough. On 
the ensuing day he noted rapidly progressing respiratory 
distress which caused him to seek admission. 
xamination revealed a cyanotic, dyspneic man who 
was acutely ill. His admission temperature was 40° C., 
pulse 104 beats per minute, respirations 36 per minute, 
and blood pressure 120/80 mm. Hg. The pharynx was 
moderately injected. Venous distention was not present. 


Examination of the chest revealed no local signs of 


Bilateral sticky, 
present at both bases and harsh breath sounds were pres- 


consolidation. inspiratory rales were 


ent throughout both lung fields. The heart was moder- 
ately enlarged, and apical and aortic systolic murmurs 
were present. No hepatomegaly or peripheral edema 


were noted. The remainder of the physical examination 
was within normal limits. 

The initial white blood cell count was 13,500 cells per 
cu. mm. with 78 per cent mature polymorphonuclear cells 
and 10 per cent band forms. The erythrocyte sedimenta- 
tion rate was 14 mm. per hour. Urinalysis revealed a 3 
plus test for protein. Peripheral venous pressure was 120 
mm. saline at the level of the right auricle, and an Evans 
blue dye blood volume determination was normal. An 
admission was 


electrocardiogram taken on the day of 


considered normal. 





THE 


Examination of stained sputum smears revealed no 


predominating microorganisms. Throat and sputum cul- 
tures yielded only normal pharyngeal flora with occasional 
colonies of pneumococci and rare colonies of Hemophilus 
influensae. Blood The 


sion chest roentgenogram, shown in Figure 20, demon- 


cultures were sterile. admis- 
strated cardiac enlargement which had not changed from 
previous examinations. There were bilateral diffuse nodu- 
lar infiltrations compatible with a diffuse pneumonitis 
or pulmonary edema. A loculated effusion in the right 
transverse fissure was noted. 

The patient was placed in an oxygen tent and penicil- 
lin, streptomycin and erythromycin were administered. 
The patient's condition gradually deteriorated during the 
and could 


first 24 hours. Temperature remained at 40° C, 


not be reduced with large doses of aspirin. Conventional 
therapy of acute pulmonary edema produced no change 
in his condition. The respiratory rate rose to 64 per min- 
ute and cyanosis deepened. Diffuse inspiratory and ex- 
piratory rales increased. Oxygen administered via the 
IPPB apparatus was tolerated poorly because of agita- 
tion and increasing claustrophobia. 

At this time hydrocortisone, 100 mg., was given intra- 
venously. The patient improved transiently with marked 


clearing of the pulmonary rales. However, within six 


hours his respiratory rate again rose to 64 per minute and 


cyanosis and agitation increased. Progressive expira- 


tory difficulties were noted and coarse rales, grating 


rhonchi and harsh breath sounds were heard throughout 
fields. Venous determined at this 


the lung pressure 


CHEST ROENTGENOGRAM ON Pa- 
YEAR OL_p Man 
SUPERIMPOSED 


Fig. 20. ADMISSION 
TIENT A. B., A 45 
Virus 
HEART 


WITH INFLUENZA 
RHEUMATIC 


MITRAL 


PNEUMONIA 
DISEASE 


UPON 


witH AorTIC STENOSIS AND 
I NSUFFICIENCY 
The density in the right mid-lung field represents an 


interlobar effusion. 
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time was 65 mm. saline. Again intravenous hydrocorti 
sone was administered, with transient clearing of pul 
monary signs. Nevertheless, became in 
creasingly labored and the patient died 40 hours after 


hospitalization. 


respirations 


An autopsy was not performed on this patient. How 

ever, needle aspirates of lung were obtained post mortem 

and were sterile on bacteriologic culture. Influenza A 

type was throat 
? 


washing obtained on Day 2 of the illness and also from 


virus of the Asian recovered from a 
pulmonary tissue obtained after death in a concentration 
of 10* egg infectious units per Gm 

Comment. Each of these three patients had 
Keach entered the 
hospital within 36 hours after the onset of a typi 


severe rheumatic heart disease. 


cal influenza-like illness with fever and rapidly 


progressive difficulties in breathing. In each case, 
the findings on initial physical examination and 
chest roentgenograms were interpreted as being 
compatible with pulmonary edema of cardiac ori 
gin. The absence of venous distention, the pres 


ence of normal venous pressures, the striking 
fever and the failure of the patient to respond to 
treatment for congestive failure suggested that 
the illness was primarily a manifestation of in 
trinsic pulmonary disease rather than myocardial 
decompensation. 

Each patient had a rapid down-hill course char 
acterized by sustained fever, increasing cyanosis 
and air hunger. Marked agitation developed, and 
measures required to obtain adequate oxygenation 
could not be tolerated. There was no response to 
massive antimicrobial therapy and death in all 
three ensued within 96 hours after hospitalization 
At autopsy the lungs showed destructive changes 
characterized by pulmonary hyperemia and hemor 
rhages, alveolar hyaline membranes, and focal ul 
ceration of the trachea and bronchi. Postmortem 
bacterial cultures were uniformly sterile, and in 
fluenza A virus (Asian strain) was recovered in 
high concentration from samples of lung tissue ob 


tained post mortem 


FOP. Be. 
admitted on Oct 


NYH 420164. A 45 year old white man was 
14, 1957, because of 


The patient had known rheumatic 


fever and increasing 


dyspnea. heart dis 


ease of long standing. Six years prior to admission he 


had undergone mitral valvulotomy and had remained 


relatively free of cardiac symptoms since that time 


The day prior to admission the patient noted the onset 


of sore throat, fever, a nonproductive cough, diffuse 


myalgia, riausea and a scratchiness of his eyes. Over the 


next 12 hours fever persisted. His cough became pro 
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ductive of blood-tinged sputum, and he noted increasing 
difficulty in breathing. 

Admission physical examination revealed a dyspneic, 
cyanotic, agitated man who was acutely ill. The tem- 
perature was 40.4° C., heart rate 110 beats per minute, 
respirations 38 per minute, and blood pressure 150/80 
The conjunctivae were mildly injected. There 
Examination of the chest re- 


mm. Hg. 
was no venous distention. 
vealed no signs of consolidation, but breath sounds were 
markedly decreased throughout and a few bilateral in- 
The heart was en- 
A blowing 


spiratory basilar rales were noted. 
larged and auricular fibrillation was present 
systolic murmur and a soft mid-diastolic murmur were 
noted at the apex. There was no hepatomegaly or periph- 
eral edema. 

Initial white blood cell count was 13,700 cells per cu. 
mm. with 71 per cent polymorphonuclear cells and 18 per 
band The was 44. Urinalysis 
showed a 4 plus test for protein. Admission carbon di- 


cent forms. hematocrit 


oxide combining power was 30 mM per L. A venous 
pressure performed with difficulty on admission was 160 
mm. saline, but a blood volume determination simultane- 
ously performed was normal. An electrocardiogram was 
not significantly different from previous tracings. Ar- 
terial oxyhemoglobin saturation was 84.8 per cent and 
the arterial blood pH was normal. 

Sputum smears revealed only sparse bacteria, and spu- 
tum cultures yielded normal pharyngeal flora with rare 
Hemophilus influenzae. 


colonies of pneumococci and 


Fic. 21. Apmission CHEST ROENTGENOGRAM ON Pa- 
TIENT P. B., A 45 YEAR O_p MAN wItH Primary IN- 
FLUENZA VIRUS PNEUMONIA SUPERIMPOSED UPON RHEU- 
MATIC Heart DISEASE WITH MITRAL STENOSIS 

A mitral valvulotomy was performed on the patient 
six years prior to the present admission at which time the 
anterior portion of the fourth rib was resected. 
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Blood cultures were sterile. The admission chest roent- 
genogram showed patchy pneumonic densities extending 
from the hila toward both lower lung fields (Figure 21). 

The hospital course is illustrated in Figure 22. The 
patient was given penicillin, 2.4 million units; strepto- 
mycin, 2 Gm.; and erythromycin, 2 Gm. daily. In addi- 
tion, mercurial diuretics and digitalis were administered, 
and prednisone, 200 mg. daily, was started. Oxygen was 
administered by tent or nasal catheter alternating with 
the IPPB mask. Vaponephrine® and Alevaire® were 
intermittently aerosolized through the mask. 

During the first three days of hospitalization the pa- 
tient appeared to improve. His fever diminished, pul- 
monary signs lessened and arterial oxygen saturation rose 
However, on the fourth day the pa- 
tient became worse. His temperature rose to 39.2° C., the 
respiratory rate increased to 44 per minute, and the pa- 
Ex- 


to 91.8 per cent. 


tient was increasingly disoriented and apprehensive. 
amination of the lungs at this time revealed suppression 
of breath sounds and marked inspiratory and expiratory 
moist rales, and wheezes were noted throughout the chest. 
The patient, although extremely restless, tolerated oxy- 
gen via the [PPB mask extremely well, and arterial oxy- 
gen saturation could be maintained at almost normal 
levels. Nevertheless, there was evidence of increasing 
respiratory acidosis. 

On the seventh hospital day the arterial pCO, had 
Serum bicarbonate had risen con- 
comitantly to 37.2 mEq. per L. At this time acetazol- 
amide, 0.5 Gm. every 12 hours, was administered. Dur- 
ing the next 24 hours the patient had a diuresis of 3,000 
ml. of urine. His serum bicarbonate and carbon dioxide 
combining power fell to a normal range and abnormal 


reached 76 mm. Hg. 


pulmonary findings decreased. 

During the remaining weeks of hospitalization the pa- 
tient’s inspiratory and expiratory wheezes and _ rales 
gradually disappeared and breath sounds became normal. 
Influenza virus was not demonstrated in a throat wash- 
ing taken on Day 2 of illness, but convalescent serums 
showed a 16-fold rise in complement fixing and hemag- 
glutinating antibody titers against the Asian strain of in- 
fluenza A virus. 

Comment, This case represents the only pa- 
tient who recovered in the group of six patients 
believed to have primary influenza virus pneu- 
monia. The history, physical findings and initial 
course were in every way similar to other patients 
in this group. Although influenza virus was not 
isolated from the initial throat washing, there was 
a diagnostic rise in complement fixing and specific 
hemagglutination-inhibiting antibody titer during 
the illness. No evidence of concomitant bacterial 
infection was obtained. 

Although the reasons for this patient’s survival 


are not known, two factors may have contributed 


to his recovery. First, in contrast to the remaining 
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Fic. 22. Course oF ILLNEss IN Patient P. 


patients in this group, this patient was able to = murmur was heard along the left sternal border and at 
tolerate oxygen administered via the IPPB mask the apex. The liver was not enlarged. There was no 


peripheral edema. 


for long periods and maintained his arterial oxy- rae 
4 Initial laboratory 


; | 11 R dl studies revealed a white blood cell 
ve ¢ - . - , ‘ avele Ved r - - ° ” 

aie senderebaaidaies ata meee osetia evels. oecondly, count of 15,700 cells per cu. mm. with 79 per cent poly 
a diuresis occurred in association with the adminis- morphonuclear cells and 15 per cent band forms. Uri- 


nalysis gave a one plus test for protein. Examination of 


the sediment revealed 8 to 10 white blood cells per high 


tration of acetazoleamide. Clearing of pulmonary 


signs and the return of arterial pCO, and serum 


power field. A determination of venous carbon dioxide 


bicarbonate to normal levels were temporally 


combining power was 18 mM per L. Peripheral venous 


associated. . 
: : pressure was 94 mm. saline The electrocardiogram 


showed changes suggestive of left ventricular hyper 


5. J. B., NYH 779866. A 75 year old white woman was Grcee ; 
A blood volume determination performed on the 


admitted on Oct. 15, 
and coma. An inadequate history from relatives indi- 
cated that one day prior to admission the patient had 


1957, with fever, intense cyanosis trophy. : ‘ 
first hospital day was minimally elevated (118 per cent of 


calculated normal). 


developed fever which was followed by dyspnea and _ Caltures of sputum, nasopharyngeal and throat secre 
orthopnea. tions yielded only normal pharyngeal flora, and blood cul 


A throat washing taken on admission 
The ad 


mission chest roentgenogram revealed dense pulmonary 


Physical examination revealed an intensely cyanotic, ‘eS Were sterile. : 
comatose, elderly woman with rapid, labored respirations. revealed the Asian strain of influenza A virus. 
Admission temperature was 39.2° C., heart rate 108 beats =" : ; ay 3 
per minute, respirations 54 per minute, and blood pres- infiltrations involving the lower half of both lung fields 


sure 180/80 mm. Hg. 
veins were not distended. 
vealed only diffuse inspiratory rales throughout both 


and a prominent hilar fan which was interpreted as 


Despite the obvious dyspnea, neck 
Examination of the chest re- | Vascular congestion 
Because of the similarity of this patient's illness to the 


lung fields without evidence of local consolidation. The 
heart was minimally enlarged and a loud, harsh systolic 


cases already described, it was believed that this illness 


probably represented influenza, and treatment was insti 
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tuted accordingly. Digitalization, the administration of 
morphine sulfate, rotating tourniquets, intravenous ami- 
nophyllin, diuretics and positive pressure oxygen via the 
IPPB apparatus did not produce notable improvement. 
Penicillin, 6 million units; streptomycin, 2 Gm.; chlor 
? 


amphenicol, 2 Gam.; and hydrocortisone, 200 mg. daily, 
were given. 
On the 


normal 


The patient’s course is depicted in Figure 23. 
to 
over a 48 hour period and the respiratory rate decreased 


program outlined, her temperature returned 
to 25 to 30 per minute, but pulmonary findings of rales, 
rhonchi and expiratory prolongation persisted at the lung 
bases. Arterial oxygen saturation was difficult to main- 
Serial arterial blood gas studies were performed 
Tables IX XIII 
supplemental oxygen, arterial 
46.2 


per 


tain. 


which are included in and and Figure 


Without 


saturation 


23 oxyhemo- 


globin was per cent on admission and 


73.5 cent 


of 


never rose above during hospitalization. 


However, the administration oxygen under pressure 


consistently brought oxyhemoglobin saturation to above 
90 per cent 


A 


su- 


could be reduced by any mechanical breathing aid. 


respiratory acidosis was generally maintained, and 


perimposed metabolic acidosis gradually developed as the 


There was little evidence that the pCO, 
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blood urea nitrogen rose. Blood ketones were elevated 
to 142 wEq. per L., and blood pyruvate was increased to 
164 wkq. per L. on the one determination performed. 

In view of the continuing coma, lumbar puncture was 
performed. There were no abnormalities of protein, 
sugar or cells, and influenza virus could not be recovered 
The blood urea nitrogen 
gradually rose to a maximum of 83 mg. per cent. On 


the ninth day of disease the patient aspirated food and 


from the cerebrospinal fluid. 


respiratory findings increased and 


of 


pharyngeal secretions ; 
coma deepened. She expired on the eleventh day 
illness. 

Findings at autopsy (Autopsy No. 17278). 


cipal abnormalities were confined to the heart and lungs. 


The prin- 


The heart weighed 500 Gm. and showed changes char- 
The 


left ventricle was hypertrophied, measuring 15 mm. in 


acteristic of hypertensive cardiovascular disease. 
thickness at the base. The coronary arteries were patent 
but their lumina were focally narrowed by fibrous and 
fatty plaques. Microscopic examination revealed focal 
myocardial fibrosis without evidence of active myocarditis. 

The lungs were hemorrhagic, subcrepitant, and together 
weighed 1,600 Gm. The of the trachea and 
bronchi was markedly hyperemic. The lung parenchyma 


mucosa 
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A 75 YEAR OLD WoMAN WITH PRIMARY IN- 


HEART 


B., 


PNEUMONIA SUPERIMPOSED UPON 


lic. 23 


FLUENZA VIRUS 


Course oF ILLNEss IN PaTIENT J. 


HYPERTENSIVE DISEASE 





THE PULMONARY COMPLICATIONS OF INFLUENZA 


was dark red to purple, and a frothy fluid could be readily 


expressed from the cut surfaces. Numerous nodular 
areas of consolidation ranging up to 1 cm. across were 
present in the entire right lung and to a lesser degree in 
the left lower lobe. Elsewhere the lung was well aerated. 

Microscopic examination showed that only the mucosa 
in the deeper folds of the trachea remained, and even 
here the normal mucosa was replaced by low cuboidal 
cells. The submucosal vessels were markedly hyperemic 
and the interstitial tissues were edematous and infiltrated 
with moderate numbers of lymphocytes, plasma cells and a 
The mucosa of the small bronchi was 


epithelial 


few neutrophils. 


frequently lined by squamous cells) which 


showed shape and_ staining 


A number of these cells were in mitosis. 


marked variation in size, 
quality. 

Throughout the lung parenchyma the alveolar capil- 
laries were engorged with red blood cells. The alveolar 
spaces contained a pink, granular precipitate and varying 
amounts of fibrin. Focal hemorrhages were present, and 
in many areas hyaline membranes covered the walls of 
the alveoli and alveolar ducts. In the upper lobes there 
were moderate numbers of histiocytes and a few neutro- 
philic leukocytes and lymphocytes within the alveolar 
spaces. In the lower lobes all of these changes were more 


marked. In addition, the small bronchi and many of 
the alveolar spaces contained masses of polymorphonu- 
clear leukocytes. In some of the small bronchi aspirated 
muscle fibers and other food particles were demonstrated. 
In these areas gram-positive cocci and budding yeast-like 
fungi were seen. Permission to examine the brain was 
not obtained. 

from the 


mortem yielded a few colonies of FE. 


Bacteriologic cultures obtained lungs post 


colt and moderate 
virus was not 


numbers of Candida albicans. Influenza 


recovered from the lung tissue. 


Comment. The postmortem findings in this 


case were those of pneumonia characterized by 


hemorrhage, edema and hyaline membrane forma- 
tion. In addition, there was evidence of aspiration 
pneumonia which was confined to certain sections 
of the lower lobes. Influenza A virus was isolated 
from the throat during life but was not isolated 
from the lung post mortem. It is probable that the 
failure to recover the virus at autopsy was related 
to the prolonged period (11 days) between the 
onset of illness and death (7). 

The early recovery of influenza virus from the 
throat, the clinical syndrome and the postmortem 
findings were suggestive of an influenza virus 
pneumonia complicated preterminally by an aspira- 
tion pneumonitis. The possibility of concomitant 
encephalitis was entertained, but influenza virus 
could not be recovered from cerebrospinal fluid, 


and other examinations of the spinal fluid were un- 
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remarkable. Postmortem examination of the brain 
was not permitted. 
6. A. C., NYH 768041. 


admitted on Oct. 19, 1957, with increasing respiratory 


A 66 year old white man was 
difficulties of one day's duration. This patient had known 
arteriosclerotic heart disease and a history of two previ 
ously documented myocardial infarcts. One day prior 
to admission he had several shaking chills and developed 
fever, sore throat, muscle aches and a cough productive 
of greenish sputum. Progressive respiratory distress led 
to his admission. 

Physical examination on admission revealed an acutely 
ill man with extreme dyspnea and intense cyanosis of 
the lips and nailbeds. Temperature was 39.2° C., pulse 
rate 124 per minute, respirations 40 per minute, and blood 
pressure 170/100 mm. Hg. Inspiratory rales were heard 
throughout both lung fields. There was no evidence of 
pulmonary consolidation. The remainder of the physical 
examination was within normal limits. 

Laboratory studies revealed a white blood cell count 
of 19,000 cells per cu. mm. with 72 per cent mature poly 
The 
Urinalysis showed a spe 


cific gravity of 1,024, a 4 plus test for protein, 25 to 50 


morphonuclear cells and 14 per cent band forms. 
hematocrit was 56 per cent 


red blood cells and 3 to 8 white blood cells per high 
power microscopic fleld. The erythrocyte sedimentation 
15 mm. per hour; the serum carbon dioxide 


power was 22 mM per L. Serial 


rate was 
combining electro 
cardiograms showed no change from previous tracings 

Sputum smears showed no predominance of any ba 
terium, and sputum and throat cultures yielded only nor 
mal pharyngeal flora. Influenza virus with the antigenic 
Asian strain was recovered from a 


chest 


characteristics of the 


throat washing. An admission roentgenogram 


showed generalized cardiac enlargement and extensive 


pulmonary infiltrates which radiated peripherally tron 


the hilar region—a finding consistent with bilateral pul 
monary edema or diffuse pneumonitis 

Treatment was instituted with oxygen via positive pres 
sure mask, intravenous aminophyllin, diuretics, digitalis 
and morphine sulfate. A phlebotomy of 400 ml. of blood 
Penicillin, 2.4 


and erythromycin, 2 Gm., 


was performed. million units; 
mycin, 2 Gm.; 


strepto 
were 
IPPB mask 
The pa 


given 
daily. Because of continuing cyanosis, the 
was substituted for the positive pressure mask 
tient’s blood pressure fell to 80/40 mm. Hg and leva 
Over the next 24 


terenol was added to his regimen 


hours the patient improved markedly. The respiratory 
rate declined to 30 per minute and cyanosis disappeared 
Because the hypotension appeared related to use of oxy 
gen under pressure, the regimen was altered so that 30 
minutes of intermittent positive pressure breathing every 
two hours was alternated with periods in an oxygen tent 
The patient's blood pressure stabilized at 130/80 mm. Hg 
and levarterenol was discontinued. A chest roentgeno 
gram taken 36 hours after admission showed significant 
improvement. 

On the third hospital day the patient had a right sided 


convulsion followed shortly by a more severe left sided 
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Following the seizures blood pressure was un- 
rales and 
The patient 


seizure. 
obtainable and inspiratory and expiratory 
rhonchi were heard throughout the chest. 
expired eight hours after his initial convulsion. 

Findings at autopsy (Autopsy No. 17274). Significant 
postmortem findings were confined to the heart and lungs. 
The heart weighed 490 Gm. and showed changes typical 
of hypertensive and arteriosclerotic cardiovascular dis- 
ease. There was diffuse sclerosis of the entire coronary 
system with marked narrowing of the lumina in many 
Both the right coronary and left circumflex cor- 


occluded close to their 


areas 
onary arteries were completely 
Microscopic sections of the heart revealed ex- 
acute 


origin 
tensive fibrosis but no evidence of necrosis or 
myocarditis. 

The trachea and major bronchi were extremely hy- 
peremic. The lungs weighed 1,850 Gm. The parenchyma 
was firm, subcrepitant and dark red, and the cut surfaces 
exuded a small amount of pink frothy fluid. The right 
and left dark red and 


airless. 


lower lobes were consolidated, 

Qn microscopic examination the mucosa of the trachea 
was largely denuded or covered by low cuboidal cells, but 
The 
vessels were markedly hyperemic and the 
infiltrated with num- 
bers of lymphocytes and plasma cells and a few neutro- 


in some areas normal ciliated cells were present. 
submucosal 
interstitial tissue was moderate 
philic leukocytes. 

Marked 
were prominent in the upper lobes, and there were large 
amounts of pink granular material and fibrin within the 
Histiocytes containing hemosiderin or 


vascular congestion and focal hemorrhages 


alveolar spaces. 
carbon granules and moderate numbers of neutrophilic 
leukocytes were also present in the alveolar spaces. Hy- 
aline membranes covered many of the alveolar walls of 
the upper and right middle lobes. 

Congestion of the alveolar capillaries and intra-alveolar 
edema were more marked in the lower lobes, and in ad- 
numbers of  poly- 
In these lobes the 


dition the alveoli contained large 
morphonuclear leukocytes and fibrin. 
bronchi were frequently ulcerated, and the lumina con- 
tained moderate numbers of neutrophilic leukocytes. 

Changes suggestive of encephalitis were not seen in 
sections of the brain 

Bacteria were not seen in sections of the lungs stained 
by the Gram and Giemsa methods. One postmortem cul- 
ture yielded two colonies of coagulase negative Staphylo- 
coccus albus but other cultures were sterile. Asian in- 
fluenza A virus was recovered in a concentration of 10? 
egg infectious units (EID,,) per Gm. of lung tissue 

Comment, Initially, this patient was believed to 
have acute pulmonary edema of cardiac origin. 
His early response to therapy for congestive fail- 
ure appeared to support this possibility. However, 
the history obtained later of typical influenza fol- 
lowed by respiratory distress, the high fever, leu- 
absence of electrocardiographic 


ke cyt sis and 
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changes suggested that influenza virus infection 
The 


subsequent isolation of an influenza virus from 


was responsible for the syndrome observed. 


the throat and lungs, the absence of bacterial 
pathogens and the characteristic findings at au- 
topsy indicated that this patient had developed a 
fulminating influenza virus pneumonia. 


III. Pneumonia of combined influenza virus and 

bacterial origin 

Nine patients in the current series had evidence 
of a progressive bilateral pneumonitis with focal 
signs of consolidation in which both influenza 
virus and bacterial pathogens were implicated. 
The following four cases illustrate this syndrome. 

1. E. R., NYH 389976. A 35 year old housewife was 
admitted on Oct. 17, 1957, with fever, cough and chest 


There was a past history of asymptomatic rheu- 
The patient was six and one-half 


pain 
matic mitral stenosis. 
months pregnant. The night before admission she de- 
veloped a scratchy throat and mild generalized myalgia. 
At 1:00 a.m. on the day of admission she awoke with 
headache, experienced two shaking chills, developed left 
anterior chest pain and noted a cough which was pro- 
ductive of bloody sputum. 

Admission physical examination revealed an extremely 
ill, dyspneic woman who was slightly cyanotic. The tem- 
perature was 39.5° C., the heart rate 120 beats per min- 


Fic. 24. ApMISsSION CHEST ROENTGENOGRAM ON Pa- 
TIENT E. R., A 35 YEAR OLD WOMAN WITH CONCOMITANT 
INFLUENZA VIRUS AND PNEUMOCOCCAL PNEUMONIA Su- 
PERIMPOSED UPON RHEUMATIC HEART DISEASE WITH 
MITRAL STENOSIS AND PREGNANCY 
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Fic. 25. Course OF 
ute, respirations 44 per minute, and blood pressure 100/60 
Hg. No 


signs of consolidation were noted over the entire left 


mm. venous distention was present. Classic 


lower lobe. The heart was slightly enlarged to percus- 
sion, and a loud presystolic apical murmur was present. 
The remainder of the physical examination was within 
normal limits. 

Laboratory studies showed the white blood cell count 
mm. with 80 per cent mature 
band 


to be 8,200 cells per cu. 


polymorphonuclear cells and 17 per cent forms 
The erythrocyte sedimentation rate was 17 mm. per hour. 
Venous pressure, Decholin® circulation time and an elec 


trocardiogram were normal. Examination of stained 


sputum smears showed many gram-positive diplococci, 
A chest 


roentgenogram (igure 24) revealed homogeneous den- 


and sputum cultures yielded many pneumococci. 


sity throughout the left lower lung field with nodular 
densities extending from the right hilum. 

The course of illness is illustrated in Figure 25. The 
patient was placed on penicillin, streptomycin and chlor- 
amphenicol. Prednisone, 80 mg. daily, was administered 
by mouth. 
[PPB mask. 


rapidly ; however, the patient remained exhausted, tachyp- 


Oxygen was administered by tent and the 
Physical signs of lobar consolidation cleared 


neic and continued to have a fatiguing cough productive 
of bloody sputum. Repeated chest roentgenography re 
that the diffuse, nodular infiltrate had 
increased as the lower lobe infiltrate had subsided. Re 


vealed bilateral 
covery was slow, the patient remaining febrile until the 
taken 11 
days after admission showed marked resolution of the 


eighth hospital day. A chest roentgenogram 


ILLNESS IN PATIENT E. 


bilateral pneumonic process, but residual bilateral nodu 

lar infiltrates were still present (Figure 26). She was 

discharged without abnormal findings 22 days after ad- 

mission. 

recovered 
Studies 


Influenza A virus of the Asian type was 
from a throat washing obtained on admission. 
of acute and convalescent serum revealed a fourfold rise 


in complement fixing antibodies diagnostic of influenza. 


Comment. This patient with influenza also had 
single lobe pneumococcal pneumonia which re 
sponded to adequate antimicrobial therapy. How- 
ever, fever, respiratory distress and hemoptysis 
persisted for more than a week and symptomatic 
improvement was slow. Chest roentgenography 
showed clearing of the lobar infiltrate but progres- 
sion of a bilateral diffuse infiltrate believed to be 
indicative of viral involvement. This patient was 
believed to have combined pulmonary infection 
caused both by influenza virus and the pneumo 
coccus. 

2. A. Z., NYH 781886. 
mitted on Nov. 8, 


Three days prior to 


A 21 year old woman was ad 
1957, because of profound respiratory 
had 


headache, a 


distress. admission she de- 


veloped a sore throat, myalgia, bifrontal 
dry cough and fever to 103° IF. (oral). She was seen by 
a physician who noted no respiratory distress or abnor- 


malities on physical examination of the chest. The night 
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prior to admission she developed pleuritic right chest 
pain, tachypnea and dyspnea. On the morning of ad- 
mission her respiratory distress became increasingly se- 
When seen by 
cyanotic and audible bubbling sounds could be heard at 


vere her physician she was markedly 
considerable distance from the patient 

Physical examination on admission revealed a critically 
ill, anxious, dyspneic woman who was intensely cyanotic. 
Her temperature was 40.3° C., respiratory rate 60 per 
minute, pulse 160 per minute, and blood pressure 130/70 
mm. Hg. The conjunctivae and pharynx were moder 
rales and harsh 
both fields. 
Expiration was labored and appeared to be obstructed. 


ately injected. Crackling inspiratory 


breath sounds were noted throughout lung 
here was evidence of consolidation of both lower lobes. 
The remainder of the physical examination was not re- 
markable 

Initial laboratory studies showed the white blood cell 
with 58 per cent 


count to be 2,000 cells per cu. mm. 


lymphocytes, 8 per cent monocytes, 7 per cent poly- 
morphonuclear cells, 9 per cent band forms, 13 per cent 
metamyelocytes and 5 per cent myelocytes. Urinalysis 


gave a 3 plus test for protein. The electrocardiogram 
showed generalized depression of the RT segments with 
decreased amplitude of the T waves. The patient’s ar- 
terial oxyhemoglobin saturation was reduced to 71.1 per 
cent. 

Sputum was grossly bloody and contained large num- 


bers of gram-positive cocci. Hemolytic Staphylococcus 


Fic. 26. Crest RoENTGENOGRAM ON PATIENT E. R. 
TAKEN ON Day 11 oF HosPITALiIzATION 
Despite virtually complete clearing of the left lower 
lobe infiltrate, patchy nodular infiltrates remain visible 


in all lobes. 


ELLIS, 


KILBOURNE, AND ROGERS 


Fic. 27. Apmission CHEest ROENTGENOGRAM ON Pa- 
rieNT A. Z., A 21 YEAR OLD WoMAN WITH INFLUENZA 
Virus AND STAPHYLOCOCCAL PNEUMONIA 


80/81) 
This organism 


aureus (international bacteriophage type was 


grown in pure culture from the sputum 
Was sensitive to erythromycin, chloromycetin, strepto- 
mycin and novobiocin, but resistant to penicillin and the 
tetracyclines. The Asian strain of influenza A virus was 


recovered from throat washings. The admission chest 
roentgenogram, shown in Figure 27, revealed dense bi- 


lateral lower lobe infiltrates with scattered nodular den- 

sities present in the central areas of both lung fields. 
The patient was given oxygen through a positive pres- 

sure oxygen mask, and administration of erythromycin, 


dihydrostreptomycin and chloromycetin, 2 Gm. each day, 


were started. Hydrocortisone, 100 mg. every 12 hours, 
was injected intravenously, and prednisone, 100 mg. daily, 
was given by mouth. A summary of the patient’s course 
is depicted in Figure 28. 

Over the first four days in the hospital the patient 
showed moderate improvement. Oxyhemoglobin  satu- 
ration rose to 93.9 per cent with use of the IPPB mask. 
Expiratory difficulties appeared relieved with alternating 
aerosols of Alevaire® and epinephrine, and temperature 
fell to below 39° C, 


persisted, and she remained cyanotic and tachypneic when 


Nevertheless, signs of consolidation 


oxygen therapy was discontinued. 
On the fifth hospital day the patient developed high 
tracheotomy and 


which required 


Following this episode her condi- 


tracheal obstruction 
vigorous suctioning. 
tion worsened rapidly. There were numerous episodes 
of transient obstruction of various lobes by thick puru- 
lent mucus, and her temperature rose to 40 to 41° C. A 
marked respiratory acidosis developed with the arterial 
pCO, rising to 78 mm. Hg. The administration of aceta- 


zolamide, 1.0 Gm. daily, was associated with the return 
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Fic. 28. 


of arterial blood pCO, and pH to normal, but there was 
no improvement in the patient's clinical course. The on 
set of bloody diarrhea was associated with the recovery 
of hemolytic Staphylococcus aureus from stool cultures. 
On the sixth hospital day blood pressure fell to shock 
levels and the patient died. 

Findings at autopsy (Autopsy No. 17315). 
was limited to the removal of sections of organs through 


Autopsy 
an abdominal incision. The lungs were obviously heavy 
and the lower lobes were nodular and firm. 
the parenchyma was diffusely hemorrhagic and airless, 


On section 


and small abscesses containing soft, yellow, purulent ma- 
terial were found in all lobes. 

Microscopic examination revealed widespread ulcera 
tion of the bronchial mucosa together with extensive al- 
veolar edema and hemorrhage. Many of the alveoli and 
alveolar ducts were covered with a thick hyaline mem- 
brane. Interstitial were 
tained numerous polymorphonuclear leukocytes. As _ il- 


tissues edematous and con- 
lustrated in Figure 10, the abscesses showed central ne- 
crosis and contained many colonies of cocci. Microscopic 
sections of the heart were not remarkable. 

Quantitative bacterial cultures of the right upper and 
left lower lobes demonstrated a pure growth of hemo- 
lytic Staphylococcus aureus in concentrations of 5 X 10° 


microorganisms per Gm. Bacteriophage typing revealed 


Course oF ILLNESS IN Patient A. Z. 


that these microorganisms were of phage type III (53 
VA 4) 
all antimicrobials except novobiocin. 
of the 
of 10? EID, per Gm. in lung tissue. 


This strain was resistant to more than 50 ug. of 
Influenza A virus 


\sian strain was demonstrated in a concentration 


Comment. This young patient developed a 


rapidly fatal bilateral pneumonia. Both staphylo- 
cocci and influenza virus were isolated from the 
sputum and the lungs at autopsy. During her 
hospitalization of six days, a drug-sensitive staphy 
lococcus was replaced by a staphylococcus of dif 
ferent phage type which was insensitive to all anti 
microbial agents used in treatment. It seemed 


probable that this microorganism entered the re- 


spiratory tract via tracheostomy tube during the 


last 36 hours of life. 


3. RC NY 653327. 


Oct. 23, 


A 31 year old white woman 


1957, 


The patient had known rheumatic 


was admitted on with fever, cough and 
respiratory distress 
heart disease and had undergone a mitral commissurotomy 
four and one-half years prior to admission. In recent 
months she had noted increasing fatigue and exertional 


dyspnea. Four days prior to admission the patient de- 
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chills, fever and 


Two days prior to admission she noted 


veloped an illness characterized by 
I hotoph« ybia. 
increasing cough, chills, fever and increasing dyspnea. 
Physical examination disclosed an acutely and chron 
ically ill cyanotic woman with moderate dyspnea. The 
temperature was 40.0° C., respirations 28 per minute, 
heart rate 130 beats per minute, and blood pressure 98/65 
The neck veins were moderately distended. 
chest moist in 
both lower lung fields. Sticky in 
breath were de- 


mm. Hg. 


Examination of the revealed bilateral 


spiratory rales over 


spiratory rales and_ bronchial sounds 


tected over the right middle lobe. The expiratory phase 


of respiration was moderately prolonged. The heart was 


moderately enlarged, and loud systolic and diastolic 


were heard at the apex. [he liver was en 


right costal margin and was 


murmurs 
larged to 5 cm. below the 
tender. No peripheral edema was present. 

Pertinent 
cell count of 10,200 cells per cu. 


blood 


mm. with 67 per cent 


laboratory studies revealed a_ white 


mature polymorphonuclear cells, 20 per cent band forms, 


and 2 per cent metamyelocytes. The sedimentation rate 


was 24 mm. per hour. Electrocardiograms showed sinus 


tachycardia and evidence of right ventricular hyper- 


trophy and “digitalis effect.” The venous pressure was 
150 mm. saline at the level of the right auricle. 
colonies of hemolytic 


The staphylo 


Sputum cultures yielded many 
Staphylococcus aureus and pneumococci. 
coccus isolated was sensitive to the tetracyclines, chlor 
amphenicol and erythromycin but was resistant to 3.25 
revealed dif 


units of penicillin. Chest roentgenography 


fuse, patchy densities radiating from the hilar areas 
bilaterally 

It was believed that the patient had chronic congestive 
heart failure and combined influenza virus and bacterial 
with digitoxin, 


IPPB 


daily, were 


pneumonia Treatment was initiated 


oxygen via the mask. 


Krythromycin and chloramphenicol, 2 Gm 


mercurial diuretics and 
given by mouth 

On_ this 
normal, but pulmonary signs failed to improve. 


returned to 
Predni 


program the venous pressure 


daily, was started at this time. Dramatic 


steroid therapy. 


sone, 60 mg 
improvement followed the initiation of 
One week later prednisone was slowly withdrawn only 
to be followed by the return of fever, fatigue and dyspnea 
Chest roentgenograms showed some clearing, but a dif- 
fuse reticular infiltrate remained. Prednisone was rein 


again there was rapid improvement and 


Attempts were again made to withdraw 


stituted and 
defervesence 
the steroids, but again the patient’s symptoms and fever 
returned and prednisone was therefore continued. The 
patient pursued a gradual downhill course characterized 
by fever, anemia and increasing heart failure, and she 
expired on the forty-ninth hospital day 

Study of paired serums obtained on the sixth and 
thirty-eighth day of illness showed an eightfold rise in in 
fluenza A complement fixing antibody 

Findings at autopsy (Autopsy No. 17357). 


cipal autopsy findings were confined to the 


The prin 
heart and 


lungs. The heart weighed 380 Gm. and the myocardium 
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was remarkably flabby. The mitral valve orifice was nar- 
rowed to a slit-like opening, and the mitral valve leaflets 
were thickened by fibrous tissue and focal calcification. 
The chordae tendineae were thickened and_ shortened. 
The walls of the coronary arteries were thin and their 
lumina patent. Microscopically there was an extensive 
infiltration of polymorphonuclear leukocytes associated 
with focal necrosis of myofibers throughout the heart. 
Aschoff The blood 
throughout the heart appeared normal. 

The lungs together weighed 1,280 Gm. and the middle 


and lower lobes of the right lung were dark red and 


bodies were not present. vessels 


firm. Sections of the lung revealed marked passive hy 
peremia with extensive hemosiderin deposits within many 
mononuclear cells together with much alveolar hemor- 
rhage and edema of recent origin. In some areas there 


was interstitial fibrosis and fibrosis of alveolar walls. 


Many 
right 
areas were infiltrated with polymorphonuclear leukocytes. 


small arteries, arterioles and capillaries in the 


middle and lower lobes were necrotic and these 


Cultures of lung tissue revealed a few colonies of coagu- 
lase positive staphylococci, Candida albicans, and E. colt. 
Influenza virus could not be obtained by inoculation of 


lung suspensions into embryonated eggs. 


Comment. This patient with severe rheumatic 
heart disease developed influenza which was fol- 
lowed by bacterial pneumonia and congestive heart 
failure. 
ment, the subsequent course was one of fever, in- 


Although there was an initial improve- 


creasing congestive failure and anemia. 
Autopsy was performed 53 days after the onset 
of her illness. A necrotizing myocarditis and pul- 


monary arteritis and arteriolitis were superim- 


posed on chronic rheumatic deformities of the 


mitral valve. Influenza virus could not be re- 
covered from the lung tissues. 

This picture was strikingly different from that 
noted in other patients in this series. The pro- 
longed course characterized by cardiac failure and 
anemia and the failure to demonstrate the influenza 
virus or the usual pulmonary changes associated 
with influenza suggest that the arteriolitis and myo- 
carditis were perhaps of non-influenzal etiology. 


4. B. P., NYH 73753. A 61 year old woman was ad 


mitted on Jan. 26, 1958, because of hemoptysis and 


dyspnea. The patient had been in good health until three 
days prior to admission when she noted the onset of fe- 
ver, sore throat and shaking chills, followed in the next 
24 hours by headache, nonproductive cough and general- 
ized myalgia and arthralgia. She improved transiently 
but on the day of admission developed wheezing and re- 
spiratory distress, and her cough became productive of 
bloody sputum. 

Physical examination revealed an acutely ill, cyanotic 


woman in marked respiratory distress. The admission 





THE PULMONARY 


temperature was 40.4° C., the heart rate 122 beats per 
minute, respirations 60 per minute, and blood pressure 
100/60 mm. Hg. 
amination of the chest revealed dullness to percussion 
Tubular breath 
sounds were heard in the area of dullness. Throughout 
the rest of the lung fields breath sounds were harsh, and 


There was no venous distention. Ex- 


over the left lower thorax posteriorly. 


grating expiratory rales and rhonchi were present. Ex- 
amination of the heart revealed a sinus tachycardia and 
an accentuated pulmonic second sound. Physical examina- 
tion was otherwise within normal limits. 

Marked leukopenia was revealed by laboratory stud- 
ies. The total leukocyte count was 1,400 cells per cu. 
mm. with 86 per cent lymphocytes and 14 per cent poly- 
hematocrit de- 


Granu- 


Hemoglobin and 
terminations and a platelet count were normal. 


morphonuclear cells. 


locytic maturation arrest and a moderate increase in 
eosinophiles were evident in a bone marrow aspirate. A 
determination and electrocardiogram 
The 
power was 16 mM per L. 


venous pressure 


were normal. venous carbon dioxide combining 


Myriads of gram-positive cocci, red blood cells and 
leukocytes were seen in Gram stained smears of the 
sputum. Cultures yielded a pure growth of hemolytic 
Staphylococcus aureus (bacteriophage type 1) which was 
sensitive to all antimicrobials tested. Blood cultures were 


sterile. A chest roentgenogram obtained on admission 


showed a dense left lower lobe infiltrate and a bilateral 
diffuse 


fluenza 


increase in hilar markings (Figure 29). In- 


virus (Asian strain) was recovered from the 
admission throat washing. 

Antimicrobial therapy was initiated with chlorampheni- 
col, 2 Gm. per day; streptomycin, 1 Gm. per day; and 


procaine penicillin, 2.4 million units per day. Oxygen 


Fic. 29. 
TIENT B. P., 
INFLUENZA 


ADMISSION CHEST ROENTGENOGRAM ON PA 
A 61 YEAR OLD WOMAN WITH CONCOMITANT 


VirUS AND STAPHYLOCOCCAL PNEUMONIA 
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was administered via the IPPB mask. Shortly after ad- 
mission, blood pressure fell to 70/40 mm. Hg and intra- 
venous norepinephrine was started. Hydrocortisone, 100 
mg., was given intravenously. Despite this therapy, ill- 
ness progressed. Twelve hours after admission arterial 
blood gas studies without administration of supplemental 
oxygen disclosed an oxyhemoglobin saturation of 70.5 per 
cent and carbon dioxide tension of 27 mm. Hg. The se 
rum bicarbonate concentration was 9.63 mM per L., and 
the arterial blood pH was 7.18 units. 

Penicillin dosage was increased to 40 million units in 
travenously per 24 hours given as a continuous slow 
infusion, but respiratory distress progressed relentlessly, 
and the patient died 20 hours after admission. 

Findings at autopsy (Autopsy No. 17449). 


cosal surfaces of the larynx, trachea and major bronchi 


The mu 


were hyperemic and granular and the lumina contained 
much bloody fluid. The lungs were heavy and hemor- 
rhagic and tegether weighed 1,920 Gm. The basilar por- 
tions of the upper lobes, the entire right middle lobe and 
both lower lobes were noncrepitant, firm and dark red. 
In the upper lobes, the alveolar capillaries were mark 
edly hyperemic. Many of the alveolar lumina were filled 
with a pink, granular precipitate, and in some areas al 
veolar hemorrhage was prominent. The ciliated epi 
thelium of many of the small bronchi appeared normal, 
but their lumina contained cellular debris, neutrophilic 
leukocytes, red blood cells, edema fluid and many gram 
positive cocci. In one area the inflammatory process was 
associated with necrosis of alveolar walls. All of these 
changes were much more marked in the lower lobes, and 
formation were wide 


hemorrhage, edema and abscess 


numbers of gram-positive cocci were 


spread. Huge 


readily identified within the lung parenchyma. Careful 
search failed to reveal hyaline membranes in any lobes of 
the lungs. The remainder of the organs, including the 
brain, were grossly and microscopically unremarkable 
A pure growth of hemolytic Staphylococcus aureus was 


cultured in high titer from all lobes. Staphylococci in 
were 


lobe 


viable staphy loce1 


concentrations of 4 10° microorganisms per Gm 


grown from the left upper lobe. The right lower 
and left 


per Gm. 


lower lobe contained 4 * 10 

rhe staphylococci isolated were of the same 
phage type and antimicrobial sensitivity as the strain orig 
The 


from. the 


inally isolated from the sputum Asian strain of in 


fluenza A virus was recovered lungs in con 


centrations of 10°? EID,, per Gm 


Comment. This patient had a typical influenzal 


illness followed in three days by a fulminating 


Both influ 


pneumonia which resulted in death 


enza virus and hemolytic Staphylococcus aureus 
were isolated from lung tissue post mortem. [eu 
kopenia and granulocytopenia accompanied the 
illness. Despite the susceptibility of the staphylo 
coccus to the antimicrobials administered, the pa 


tient died shortly after admission to the hospital. 
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RECAPITULATION 


The present paper reports observations on 33 
patients with proven influenza A infection who 
developed pulmonary complications during their 
illness. On the basis of detailed clinical and lab- 
oratory study, four clinical syndromes were rec- 
ognized : 


1. Influenza with physical signs of lung involve- 
ment but without roentgenographically detectable 
pulmonary infiltrates. 

2. Focal bacterial pneumonia following influ- 
enza. 

3. Influenza associated with a diffuse pulmo- 
nary process produced by influenza virus infection 
alone. 

/. Influenza associated with both focal and dif- 
fuse pulmonary signs resulting from concomitant 
bacterial and influenza virus infection. 


Influenza with physical signs of lung involvement 
without roentgenographic pulmonary infiltrates 


Three patients developed scattered rales and 
wheezes over the lower lung fields without evi- 
dence of bacterial infection or roentgenographic 
infiltrates. Each of these patients had underlying 
disease producing pulmonary hypertension. These 
patients recovered without antimicrobial therapy 
in a manner generally similar to that seen in un- 
complicated influenza. 

Transient lower respiratory tract signs without 
changes in chest X-ray films have been reported 
to occur in occasional patients with influenza and 
have been considered to represent bronchial and 
bronchiolar involvement (17, 18). It seems prob- 
able that the relative infrequency of this pulmonary 
syndrome in our series was the result of an admis- 
sion policy in force during the epidemic which sug- 
gested the hospitalization of influenza patients only 
signs were accompanied by 


when pulmonary 


roentgenographic pulmonary infiltrates. 


Focal bacterial pneumonia following influenza con- 
trasted with the syndrome of diffuse primary 


influensa virus pneumonia 


Fifteen of the 33 patients had definite evidence 
of bacterial pneumonia arising sometime after the 
onset of influenza. Six patients manifested a se- 
vere, diffuse pulmonary syndrome without ap- 
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parent bacterial infection which appeared to re- 
sult from influenza virus infection per se. These 
two syndromes differed sharply from one an- 
other and could be separated clinically with in- 
creasing certainty as the epidemic proceeded. 
These differences deserve enumeration. 

1. The host setting in which disease arose was 
different in the two syndromes. Focal bacterial 
pneumonia often arose in previously healthy indi- 
viduals. In this group the numbers of male and 
female patients were approximately equal. 

In contrast, all six of the patients with the dif- 
fuse abacterial pulmonary syndrome had underly- 
Rheumatic heart disease with 
four. 


ing heart disease. 
mitral valve involvement was present in 
Five of the six patients were males. 

2. The progression of the illnesses differed. 
Patients who presented with what was subse- 
quently proved to be bacterial pneumonia usually 
experienced a longer interval between the onset 
of influenza symptoms and hospitalization which 
averaged 3.8 days. Ten of the 15 patients with 
bacterial pneumonia had noted a period of rela- 
tive freedom from symptoms following influenza 
before symptoms suggesting bacterial infection 
became apparent. Chills, fever, cough productive 
of purulent or bloody sputum and pleural pain were 
the principal complaints upon admission. 

In contrast, all patients presenting with diffuse 
influenza virus pneumonia had had illness of short 
duration. In these patients typical influenza symp- 
toms were followed in less than 24 hours by pro- 
gressive dyspnea. Profound respiratory distress 
was the universal complaint upon admission. 
Pleural pain was not present. 

3. Findings on physical examination were dtf- 
in the two groups. The majority of pa- 
tients with focal bacterial pneumonia had high 
fever, grunting respirations and typical signs of 


Cy- 


ferent 


focal consolidation over one or more lobes. 
anosis or severe respiratory distress was rare. 
In contrast, patients with diffuse, abacterial 


pneumonia had no signs of local consolidation. 
Chest findings were bilateral and diffuse, and were 
characterized by difficulties in air exchange, rales, 
inspiratory and expiratory wheezes and rhonchi. 


Cyanosis was uniformly present and respiratory 
distress was extreme. 
4. Certain laboratory studies aided in differen- 


tiating these two syndromes. a) Many polymor- 
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phonuclear leukocytes and masses of bacteria were 
observed in smears of sputum obtained from pa- 
tients with bacterial pneumonia. Pathogens known 
to produce pneumonia were readily cultured from 
the sputum. In contrast, sputum smears obtained 
from patients with influenza virus pneumonia re- 
vealed only sparse bacteria, and sputum cultures 
consistently failed to yield significant pathogenic 
microorganisms. 

b) Differences were apparent in the incidence 
of recoveries of influenza virus from throat wash- 
ings. No influenza virus was obtained from 13 
patients with bacterial pneumonia in whom virus 
isolation was attempted. In contrast, influenza 
virus was recovered from three of four patients 
with primary influenza virus pneumonia from 
whom throat washings were obtained. 

c) Roentgenographic findings differed in pa- 
tients with secondary bacterial and primary in- 
fluenza virus pneumonia. Chest X-rays on pa- 
tients with bacterial pneumonia commonly showed 
typical focal infiltrates confined to one or more 


lobes. In patients with influenza virus pneumonia, 


a diffuse, fanning, bilateral, perihilar infiltrate, 


indistinguishable from the roentgenographic pic- 
ture observed in cardiac pulmonary edema was a 
characteristic finding, 

5. The course of illness was different in pa- 
tients with secondary bacterial and primary influ- 
ensa virus pneumonia. Patients with focal bac- 
terial pneumonias responded promptly to anti- 
microbial therapy in a manner similar to that ordi- 
The 


One of 15 pa- 


narily seen in primary bacterial pneumonias. 
mortality was low in this group. 
tients died with what appeared to be a complica- 
tion unassociated with her influenza. 

In contrast, patients with diffuse abacterial 
pneumonia failed to respond to the administration 
of large doses of antimicrobial drugs. Hypoxia, 
respiratory distress and respiratory and metabolic 
acidosis progressed relentlessly despite therapy. 


Five of the six patients with this syndrome died. 


Combined influenza virus and bacterial pneumonia 


Nine patients with pulmonary infiltrates had an 
illness which was characterized by certain features 
of both focal bacterial pneumonia and diffuse in- 
fluenza virus pneumonia. In these patients the 


duration of illness prior to hospitalization was 


257 
variable. Respiratory distress was a_ universal 
Both focal and diffuse 
findings were usually present on physical and 


complaint on admission. 
roentgenologic examination. Large numbers of 
pneumococci, staphylococei or Hemophilus influ- 
ensae were isolated from the sputum, and influ- 
enza virus was simultaneously present in seven 
of nine throat washings obtained. This syndrome, 
in common with primary influenza virus pneu- 
monia, was associated with a significant mortality. 
Four of the nine patients died during the course 
of their illness. Findings during the acute illness 
in the two patients examined post mortem were 
similar to those noted in primary influenza virus 
pneumonia, but in addition, histologic and_ cul- 
tural evidence of an extensive necrotizing staphylo 
coccal pneumonia was present. 


Other laboratory features of pneumonia associated 
with influensa 


Certain laboratory studies did not aid in dif 
ferentiating the pulmonary syndromes observed. 
In all syndromes patients demonstrated a leukocy 
tosis with an increase in absolute numbers of gran 
ulocyte forms. Erythrocyte sedimentation rates 
were usually normal in patients with diffuse influ 
enza virus pneumonia and high in patients with 
associated bacterial infection, but too few patients 
were studied to assess the constancy of this ob 
servation. 

No evidence of renal or hemopoietic damage or 
defects in blood clotting mechanisms accompanied 
influenza. Tests of hepatic function were generally 
within normal limits during the acute illness except 
for serum glutamic oxaloacetic transaminase de 
terminations. Transaminase levels were elevated 
in the majority of patients studied, and the degree 
of elevation of serum transaminase levels appeared 
to parallel the severity of the illness. In the ab 
sence of other changes suggestive of hepatic or 
myocardial damage, the significance of this finding 
remains unclear. Viremia was not demonstrated 
during the course of influenza. 


Consideration of primary influenza virus pneu- 
monia as a specific disease entity 
As the belief evolved that pure influenza virus 
pneumonia represented a definite entity, two ques- 


tions arose in considering the clinical syndrome 
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manifested by the six patients described in the 
present report. 

1. Could bacterial infection have been missed 
antimicrobials? This has seemed unlikely. First, 
bacteria were easily cultured from sputum samples 
obtained from patients simultaneously admitted 
with other pulmonary syndromes, while repeated 
cultures did not yield significant bacterial patho- 
gens from the sputum of these six patients. Sec- 
ondly, three of five patients with the diffuse pul- 
monary syndrome died within 48 hours after insti- 
tution of therapy without bacteriologic or histo- 
logic evidence of infection. Experimental evidence 
indicates that antimicrobial therapy rarely eradi- 
cates microorganisms residing in tissues within 
this time period. Furthermore, microorganisms 
were cultured in high concentrations and were 
readily seen on histologic sections from the lungs 
of influenza patients with bacterial pneumonias 
who died after comparable time periods on similar 
therapy. Thus it seems unlikely that antibiotics 
induced bacterial sterility in lungs during such 
short periods of drug administration. 

It is that 
could eradicate pneumococci because of their tend- 
Neverthe- 
less, the diffuse pulmonary syndrome observed, 


conceivable antimicrobial treatment 


ency to autolyse rapidly when killed. 


the lack of response to antimicrobials, the pres 
ence of distinctive and unusual anatomic findings, 
and the absence of the pulmonary histologic 
changes usually seen in pneumococcal pneumonia 
suggest that this was a most unlikely possibility. 
Lastly, high concentrations of influenza virus were 
demonstrated in the lungs of these patients. In 
three of the four patients, virus concentrations 
were 20 to 2,000 times those found in patients 
with influenza who died with obvious bacterial 
infections. 
2. Was it possible that this diffuse syndrome 
represented acute left heart failure? All of the 
patients with diffuse abacterial pneumonia had 
antecedent heart disease, and chest X-ray films 
were compatible with acute pulmonary edema. 
There was, however, considerable evidence to 
indicate that the process observed was not con- 
gestive heart failure. 

First, four of the six patients had significant pul- 
monary hypertension secondary to mitral valvular 


lesions. It might be expected that any additional 
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stress placed on the heart would result in rapid 
right heart failure. Nevertheless, signs of right 
heart failure were generally absent, and blood vol- 
umes and venous pressures were commonly nor- 
mal. Secondly, there were no physical or electro- 


cardiographic signs to suggest the presence of 


myocarditis. Third, the institution of vigorous 
therapeutic measures for acute congestive heart 
failure produced no significant change in the pul- 
monary picture. Lastly, the findings at autopsy 
were not those of heart failure and indicated that 
a diffuse pulmonary infection was present. 

We are thus led to the conclusion that influenza 
virus infection in the absence of bacterial com- 
plications produced a characteristic, severe and 
usually fatal pneumonic syndrome in certain pa- 
tients with underlying heart disease. 


DISCUSSION 


At the outset of the recent pandemic there was 
little evidence that influenza virus per se could 
cause fatal pneumonia when unattended by bac- 
terial pathogens. The first documented abacterial 
influenza virus pneumonia, described in 1945 by 
Finland, Barnes and Samper (19), was associated 
with an interpandemic infection. The following 
year a second case report appeared from the same 
group of investigators (15). In both cases the 
minimal acceptable criteria for primary influenza 
virus pneumonia were met; virus was recovered 
from lung tissue and bacterial pathogens could 
not be demonstrated (see Table XV). Except for 
an undocumented reference to another case of ap- 


parent abacterial influenza virus pneumonia in 


1948 (20), other instances of fatal primary in- 
fluenza virus pneumonia were not described before 
the recent pandemic. 

The present investigation has documented six 
cases of influenza virus pneumonia in which bac- 
terial pathogens could not be incriminated. Five 
of these patients died. Other investigations of the 
1957-58 pandemic also present evidence that fatal 
abacterial influenza may occur. Four of eight 
fatal pneumonias reported by Giles and Shuttle- 
De- 


In a large 


worth were bacteriologically sterile (21). 
tails of these cases were not published. 
prospective study of fatal influenza in the Nether- 
lands, 22 instances of bacterially sterile lungs were 


reported in 103 patients in whom pulmonary in- 
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fluenza virus was demonstrated post mortem (22 
Three additional cases have been reported re- 
cently in which influenza virus was recovered from 
bacteriologically sterile lungs (23, 24). Thus at 
the present writing, 31 such cases (excluding the 
present six) have been reported (Table XV). 
Although detailed presentations of the clinical 
manifestations of illness have been few, our ex- 
perience, supported by the reports cited above, in- 
dicate that influenza virus infection per se can be 
a cause of pneumonia and death in man. 

Although the view has been widely held that in- 
fluenza virus infection per se does not produce fatal 
disease, it has long been recognized that influenza 
epidemics are closely associated with an increased 
incidence of bacterial pneumonia (25, 26). In the 
present study, 24 of 33 patients had evidence of 
superimposed or subsequent bacterial pulmonary 
infection. In the 1918-19 pandemic, pathogenic 
bacteria were almost invariably isolated from the 
lungs of fatal cases of influenza (27-29). Since the 
initial recognition of influenza virus in 1933 (3) 
the isolation of both influenza virus and bacteria 
from the lungs of fatal cases has been repeatedly 
documented (17, 18, 30). 
fatal pneumonias, the associated bacterial patho- 
gen has been Staphylococcus aureus (17, 18, 30 
and 31). 
and influenza virus from the lungs in fatal influ- 
enza (Table XV) 


bacterial problem, especially as antibiotic-resistant 


In the majority of such 


The frequent isolation of staphylococci 
has focused attention on the 


staphylococci have become increasingly prevalent. 

In the absence of firm evidence in the past that 
influenza virus alone might induce fatal pneu- 
monia, the pathogenic contribution of the virus in 
combined viral-bacterial infections has often been 
The fact that effective anti- 
bacterial drugs were available in the recent pan- 


considered minor. 


demic has allowed clearer differentiation of the 
relative importance of the virus in such combined 
infections. The present investigation, in which 
bacteria generally sensitive to antimicrobials were 
encountered in patients with concomitant viral 
and bacterial pneumonia, has allowed some clari- 
fication of the role of the influenza virus in such 
combined infections. 

Three facts suggest that the severity of the in- 
fluenza virus infection per se may be important in 
determining the outcome of combined influenza 
and bacterial pneumonia : 
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First, it was apparent from the present investi- 
gation that patients died from influenza virus in- 
fection alone. 

Secondly, the diffuse nature of the pulmonary 
disease observed and the severe respiratory diffi- 
culties associated with combined viral-bacterial 
pneumonia in certain patients were not charac- 
teristic of bacterial pneumonia but more closely 
resembled the signs and symptoms observed in 
patients with pure influenza virus pneumonia. 

Third, certain patients with combined infection 
produced by influenza virus and antibiotic-sensitive 
bacteria failed to exhibit an appropriate response 
to antimicrobial agents. Deaths in some of these 
patients were clearly not related to a failure of 
antibacterial therapy but seemed to result from 
the unmitigated effects of the viral component of 
the combined infection. In those in this group 
who survived, the recovery phase was protracted, 
regardless of the bacterial pathogen involved. This 
slow response stood in sharp contrast to the 
response of patients who developed secondary 
pneumonia following the earlier onset of influenza. 

On the basis of this experience the present au- 
thors are led to believe that the virus infection 
does more than merely reduce host resistance to 
bacterial invasion. It seems probable that the in- 
fluenza virus per se plays an important role in 
deaths observed in such combined viral-bacterial 
pneumonias. 

The deaths observed in two patients with com- 
bined influenza virus and staphylococcal infections 
were fatalities attributed to 
staphylococcal pneumonia in 1918-19 by Chicker- 
ing and Park (32). 
these authors has always been puzzling to stu- 


reminiscent of the 
The syndrome described by 


dents of staphylococcal infection because of the 
diffuse pulmonary involvement and the lack of 
pleural pain or empyema so common in most 
Our 


recent experience suggests that the clinical mani- 


staphylococcal pulmonary infections (33). 


festations observed by Chickering and Park may 
have been determined by influenza virus infection 
acting in concert with necrotizing bacterial dis 
ease rather than staphylococcal infection alone. 
The picture of the staphylococcus as an in 
creasingly important co-invader in influenza must 
be viewed with caution. In the present investiga 
tion of living patients, the high incidence of pneu- 


mococcal pneumonia contrasts with the low inci 
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dence of pneumococci reported in autopsy ma- 
terial from fatal cases of influenza (22). It should 
be remembered that the antimicrobial treatment of 
pneumococcal or streptococcal infections is vastly 
more effective than the treatment of staphylococcal 
disease. Antimicrobial therapy may thus, in part, 
select the bacterial agent (staphylococcus) which 
will result in an influenza fatality, and a spurious 
etiologic relationship may be inferred by study 
of postmortem materials alone. 

The present study emphasizes the importance of 
underlying disease in the pathogenesis of pulmo- 
nary complications of influenza. Twenty-one of 
the 30 patients with serious pulmonary complica- 
tions, including nine of the 11 who died, had un 


derlying illness or were pregnant. This correla 


TABLI 
which v1 


Fatal cases of influenza in 


Reference 


. Scadding ?RHDat 
(17) 12 

No details 
No details 

No details 


. Stuart-Harris, 
Andrewes and 
Smith (18) 


Furuncu 


losis 


. Stokes and 1940 


Wolman (39) 
None 


. Himmelweit 1943 


5. Finland, 1945 None 
Barnes and 
Samper (19) 


CAD 

ASCVD 
. Parker, 
Jolliffe, 


Barnes and 
Finland (15) 


1946 None 
Antecedent 
cough, 
fatigue, 
coincident 
myocarditis 
7. Burnet, No details 
Stone and 

Anderson (40) 


1946 


. Maxwell, 
Ward and 
Van Metre 
(20) 


1949 P47Al Varicella 


P47A2 


Meningitis 


P46A1 No details 


P47B1 No details 


. Stuart-Harris 1949 4 cases No details 
and co-workers 


(26) 


. Mulder and 
Verdonk (41) 


1949 


* RHD, Rheumatic heart disease; MS, Mitral stenosis; ¢ 

t NR, Not reported; ND, Not done; Staph 
occus. 

t Identification of virus only presumptive on basis of data published 


Note 


ELLIS, 


Staph. (lung 
puncture) 


AD, Coronary artery 
hemolytic Staphylococcus aureus; 


-Isolations of virus from 195 fatal cases (43) are not summarized here bec 
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tion was even more striking in patients with dif- 


fuse virus pneumonia with or without pre-exist- 


In this group, 13 of the 15 pa- 
This experience 


ing disease. 
tients had pre-existing disease. 
is in general accord with the observations of others 
reported during the last two decades. Table XV 
summarizes published reports of fatal cases of in- 
fluenza in which virus with or without associated 
bacterial pathogens was demonstrated in the lung. 
In 14 of these cases adequate data were available 
to determine whether or not underlying disease 
was present before the onset of influenza. Six of 
these 14 patients clearly had preceding disease. In 
two other reported cases the data provided sug- 
Of the 


remaining six patients without manifest antecedent 


gest the possibility of antecedent disease. 


XV 


rus was demonstrated in the lung 


Chis organist 


inlikely pathoger 


Pneumo. I 


lated) 


hial washings 
ND 
ND 
Pneumo. II 
0 } Possibly abacterial 
Staph.—4 


Staph. J At Tracheal isolation 


ASCVD, Arteriosclerotic heart disease. 
Group A hemolytic streptococcus; pneumo 


disease ; 


Strep pneumo 


ause the data in this report do not allow conclusions regarding 


individual cases nor is it stated how many isolations are from pulmonary tissue. 
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TABLE XV 


Under- 
: lying 
Reference Date Patient Age Sex disease* 


No details 


. Evans and 1956 


Evans (42) 


2. Giles and 1957 
Shuttleworth 
21) 
. Hers, 103 cases See comment 
Goslings, 
Masurel and 
Mulder (22 


. Perrier, 
Hausser and 
Paccaud (23) 

(obesity) 


5. Rock, RHD, MS 


Braude and N. 


Moran (24) 


. Present 
report 


Normal flora, N A 
rare pneumo., 
pseudomonas, 


Sputum 
Staph. NR ND A 


No details NR 


None NR 
None NR 


Strep. viridans, 
catarrhalis 


Rare pneumo., N \ 
normal flora 


INFLUENZA 


'—Continued 


aes Isolation of 
influenza virus 

Throat 

wash. 


Bacterial culturef 
Lung 


Lung Comment 


No data on viral 
isolation 


Staph.—4 
O—4 


A Four abacterial 
(Asian) 


Staph.—69 
8 strep.—1 
Pneumo.—3 
Hi. influ.—1 
E. coli—7 


0—22 


22 abacterial. 

Of 10 patients with 
RHD and MS, nine 
were abacterial 


A 
(Asian) 


I'wo abacterial 


A 
(Asian) 
A 


(Asian) 


Virus reisolated, 


(Asian) abacterial 


d First four cases 
(Asian) abacterial 


(105.3) 


Virus reisolated 
from lungs in five of 
seven cases 


(Asian) 
(105.7) 


proteus 


Normal flora, 
few H. influ- 


A 
Asian) 


enzae, pneumo, 


ASCVD 


Myeloma 


None 


Staph, 


disease, four had both staphylococcal and_ influ- 
enza virus lung involvement. Thus only two of 
the 14 patients reported in adequate detail could 
be considered to be normal individuals who died 
solely of uncomplicated influenza virus infection. 

The specific association of underlying cardio- 
vascular disease with serious pulmonary compli- 
cations of influenza was particularly striking in 
the present study (Table XVI). 
two-thirds of the 21 patients with an antecedent ill- 


Fourteen or 


ness had cardiovascular disease; 10 of the 14 had 


rheumatic heart disease. If the patients with 
diffuse lung involvement (with or without bacterial 
infection) are considered as a separate group, the 
incidence of underlying cardiovascular disease is 
even more impressive. Eleven of 15 such patients 
had known underlying cardiac disease. In seven 


of these 11, rheumatic heart disease was present. 


Staph, 


Normal flora A 


Asian) 


Pneumo, A A 


(Asian) 
( <10?) 


Asian) 


Staph. A 


5 X 108/ml. Asian) (102) 


(Asian) 
Staph. A A 


4 X 108/ml. Asian) (Asian) 
(102.7) 


The impression that individuals with rheumatic 
heart disease manifest increased susceptibility to 
pneumonic involvement with influenza virus in- 
fection is supported by other observations reported 
from the pandemic of 1957-58. Rock, Braude and 
Moran have reported a patient with mitral stenosis 
who developed fatal abacterial influenza virus 
pneumonia (24). In the Netherlands study, nine 
of 10 cases with mitral stenosis had abacterial in 


ae Thirty-five of 46 


fluenza virus pneumonia (22) 
fatal cases with clinical diagnoses of influenza re 
ported by Giles and Shuttleworth had pre-existing 
disease. In seven of the 35, rheumatic heart dis 
ease was present (21). 

The prognostic import of underlying rheumatic 
heart disease was grim with any of the pneumonic 
syndromes associated with influenza observed in 


the present study (see Table XVI). The only 
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death among patients with late bacterial pneu- 
monia following influenza occurred in a rheu- 
matic patient. Of three patients with rheumatic 
heart disease and concomitant bacterial and viral 
pneumonia, one died ; of four with rheumatic heart 
disease and primary influenza virus pneumonia, 
three died. Thus five of 10 rheumatics who de- 
veloped pneumonia in association with influenza 
failed to survive. 

Thus, the present study suggests not only the 
importance of antecedent disease but specifically 
the importance of cardiovascular disease in the 
pathogenesis of influenza virus pneumonia. The 
fact that the common 


cardiovascular defect suggests the probable im- 


mitral stenosis was most 
portance of hemodynamic rather than general 
debilitating factors in the genesis of the syndrome. 
It seems probable that the pulmonary hypertension 
associated with mitral stenosis may play an im- 
portant role in the pathogenesis of the hemor- 
rhagic, edematous pneumonia induced by influenza 
virus. 

pandemics of 


Certain the 


1918-19 and 1957-58 can be made on the basis of 


comparisons of 


the present experience. The clinical picture of in- 
fluenza in uncomplicated cases in 1957-58 (5, 6) 
that described in 


The clinical syndrome of fulmi- 


was remarkably similar to 
1918-19 (34). 
nating pneumonia as observed in the present se- 
ries also closely resembles certain clinical descrip- 
tions of fulminant pneumonia in 1918-19 (35, 36). 

There were, however, two important differences 
First, the fatality rate was 
Sec- 


in the two pandemics: 
high in 1918-19 and low in 1957-58 (37). 
5 


rABLI 


The ASS 
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ond, fatalities were disproportionately common in 
young adults in 1918-19. Deaths occurred prin- 
cipally in older age groups in 1957-58 (38). 

At first glance, these facts suggest marked dif- 
ferences in the virulence of the viruses of the two 
pandemics. It appears more probable, however, 
that factors other than virus virulence, especially 
the use of antimicrobial drugs, reduced the fre- 
quency of severe disease in the recent pandemic. 
Virtually all well-studied influenza fatalities in 
1918-19 were associated with bacterial infections 
of the lung. Although bacterial pneumonias pro- 
duced significant mortality in 1957-58, five of 11 
or almost 50 per cent of patients in the present 
study who died had a diffuse hemorrhagic pneu- 
monia apparently produced solely by influenza 
virus infection. The previously cited studies of 
other investigators also indicate that influenza 
virus pneumonia without bacteria was an impor- 
It is likely that 
control of many superimposed bacterial pneumo- 


tant cause of death in 1957-58. 


nias with drug therapy operated to select such 
abacterial cases. 

The premise that mortality is unrelated to in- 
trinsic virus virulence receives further support 
from the observation that 80 per cent of the deaths 
observed in the present series occurred in patients 
with serious underlying disease. This high coin- 
cidence of influenza fatality and underlying disease 
was not observed in the large number of young 
adults who died in 1918-19. However, it is prob- 
able that the selective crowding of young people 
under war time conditions together with the lack 
of effective therapy for the bacterial complications 
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ciation of underlying disease with pulmonary complications of influenza: 


The importance of antecedent cardiac disease 


Incidence of 


Total 
no, 
Disease syndrome patients 
Influenza complicated by 
bacterial pneumonia 8t 
Concomitant influenza virus 
and bacterial pneumonia 


Primary influenza virus 
pneumonia 


Totals 


No. with No. 
CV with no. 


underlying disease* Deaths 


No. with 
RHD 
who died 


No. with 
underlying 
disease 


Total 


RHD who died 


disease 


1 of 3 
1 of 3 


3 of 4 


5 of 10 


* CV, cardiovascular disease; RHD, rheumatic heart disease. 


t In one of this number the ‘‘disease’’ was pregnancy. 
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Total Group Studied 





33 
patients 

















Late bacterial 
pneumonia 


Transient pulmonary 
signs 


3 patients 15 patients 














Concomitant 
viral-bacterial 
pneumonia 


Primary influenza 
virus pneumonia 


6 patients 9 patients 

















| 





8 pneumococcal 
3 staphylococcal 
1H. influenzae 
3 mixed 











I 


3 pneumococcal 
3 staphylococcal 
3 mixed 























0/3 | 1/15 








5/6 5/9" 


Fic. 30. THe PutMoNnary COMPLICATIONS OF INFLUENZA, THE New York HospItat, 
1957-58 


Asterisk indicates two late deaths unassociated with acute illness 


of influenza might well account for the high mor- 
tality of influenza in young adults at that time. 
These factors rather than hypothetical changes in 
the virulence of influenza virus may explain the 
more terrifying face of pandemic influenza in 
1918-19. 

It thus emerges that severe and fatal influenza in 
1957-58 was usually a disease of previously dam- 
aged hosts, as it appears to have been in the inter- 
pandemic decades (Table XV). 
of bacterial infection, so troublesome in 1918-19, 
has been modified by antimicrobial drugs, the 


As the problem 


problem of influenza virus pneumonia in patients 
with underlying disease has become proportion- 
ately more important. 

It is to be anticipated that in future influenza 
epidemics the majority of deaths may well occur 
in patients with underlying disease who develop 
influenza virus pneumonia with or without con- 
comitant bacterial infection. In such epidemics the 
relatively high risk of severe illness and death 
in the chronically ill may be reduced by prior 
specific immunization with influenza virus vac- 
cines. 

SUM MARY 

1. During a prospective study of the 1957-58 
influenza epidemic, 33 patients with pulmonary 
complications of influenza were admitted to The 
New York Hospital-Cornell Medical Center (see 
Figure 30). As these patients were studied it 


became apparent that their disease could be cate- 
gorized on the basis of clinical and laboratory in 
vestigations into four distinct syndromes : 

a) In three patients transient pulmonary signs 
were detected in the absence of roentgenographic 
evidence of pneumonia. These patients did not 
have bacterial infection, and recovery ensued on 
symptomatic treatment alone. This syndrome was 
believed to represent bronchiolitis related to influ 
enza virus infection. 

b) In 15 patients secondary bacterial pneumonia 
arose relatively late in the course of influenza. 
The etiology of this focal pneumonia was pneumo 
coccal in eight, staphylococcal in three, mixed in 
three and related to the influenza bacillus in one. 
The course of infection and the response to therapy 
of these patients did not differ materially from 
that of uncomplicated bacterial pneumonia. In- 
fluenza infection was proved serologically, but 
virus could not be recovered from any of these 
patients. 

c) In nine patients laboratory and clinical study 
that 
enza virus and bacteria was responsible for the 


indicated concomitant infection with influ 


pneumonia observed. Of these patients, three had 


pneumococcal, three staphylococcal and_ three 


mixed bacterial infections. Despite adequate anti- 
bacterial therapy, three patients died during their 


acute illness, one with pneumococcal and two with 


staphylococcal infections. The Asian type of influ- 
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enza A virus was isolated from the lungs of these 
three patients. 

d) Six patients developed a fulminating dif- 
fuse hemorrhagic pneumonia which led to death in 
five. No pathogen other than influenza virus 
could be related to this abacterial syndrome. 
These patients pursued a relentless course charac- 
terized by extreme dyspnea, hypoxia and failure to 
respond to antibacterial drugs. Influenza virus 
was isolated from five of these six patients, and 
directly from the lungs of four who died within 
Study of postmortem cultures 


failed to reveal bac- 


10 days of onset. 
and tissue sections of lungs 
teria. 

2. Twenty-four of the 33 patients with pulmo- 
nary complications of influenza had chronic, un- 
derlying disease or were pregnant. ‘Twenty-one of 
the 30 patients with roentgenographically con- 
firmed pneumonia had pre-existing illness or preg- 
nancy. Fourteen of these 21 had underlying 
cardiac disease which was of rheumatic origin in 
10. Kleven patients died. Nine of the deaths oc 
curred in patients with underlying disease, and 

- of these patients had rheumatic heart disease. 
3. Myocarditis clearly related to influenza was 
not observed in this series of severely ill patients. 

4. Signs suggestive of encephalitis were ob- 
served in three patients, but influenza virus was 
not recovered from the spinal fluid. Pathologic 
evidence of encephalitis was not found in four 
brains examined at autopsy. 

5. A review of recent and earlier literature on 


pulmonary complications of influenza supports con- 


clusions derived from the present study that: 
a) Influenza virus infection per se induce 


the other 


may 


pneumonia in absence of microbial 
pathogens. 

b) Underlying disease, and more particularly 
rheumatic heart disease, may be of importance in 


the genesis of influenza virus pneumonia. 
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STUDIES ON INFLUENZA IN THE PANDEMIC OF 1957-1958. 


III. ISOLATION OF 


INFLUENZA A (ASIAN STRAIN) VIRUSES FROM INFLUENZA 


PATIENTS WITH PULMONARY COMPLICATIONS. 


DETAILS 


OF VIRUS ISOLATION AND CHARACTERIZATION OF 
ISOLATES, WITH QUANTITATIVE COMPARISON 
OF ISOLATION METHODS * 


By EDWIN D. KILBOURNE 


(From the Division of Virus Research, Department of Public Health and Preventive Medicine, 
New York Hospital-Cornell Medical Center, New York, N. Y.) 


(Submitted fe 


Because the preceding paper of this series (1) 
purports to document the entity of primary influ- 
enza virus pneumonia, the circumstances of the re- 
covery of viruses from cases of influenza with pul- 
monary complications will be presented here in 
detail. In addition, the present paper will describe 
a preliminary study of certain properties of viral 
isolates from fatal and nonfatal cases, and corollary 
data on viral isolation methods. 


MATERIALS AND METHODS 


Collection of human materials for viral isolation 
Throat washings with sterile 0.01 M phosphate buffered 
saline were collected by gargling and frozen within one 
hour of collection in a CO,.-ethanol mixture prior to 
storage at — 68° C. ] 
fluid were similarly frozen and stored. Blood collected 
in acid-citrate-dextrose (ACD) was subjected to low 
(300: G) at 2° C.: 


stored 


Sections of viscera, urine and spina 


speed centrifugation cellular and 


plasma fractions were frozen and separately. 
Prior to their inoculation, specimens were rapidly thawed 
in running cold tap water; streptomycin in a final con 
centration of 1.0 mg. per ml. and penicillin in a final con 
Throat 
washings were homogenized by refluxing them throug] 
a No. 20 needle 


in the case of small needle aspirates) and homogenized 


centration of 1,000 units per ml. were added. 


Lung specimens were weighed (except 


as 5 or 10 per cent antibiotic-saline suspensions (by 


weight) at 4° C. in either a Lourdes omnimixer or a 
Ten Broel 


plastic tubes at 8,200 G 


grinder. Suspensions were centrifuged in 


for five minutes at room tem 


perature. Supernatant fluid was used for inoculation and 
promptly refrozen 

Ten to 11 day old chick em- 
bryos were used in all experiments unless it is otherwise 
CFW male mice were em 
Monkey kidney cells for 


Inoculation procedures 


indicated Eighteen Gm. 


ployed in mouse lung studies 


* This investigation was supported in part by Re- 
search Grants E-2162 and E-1595 from the National In- 
stitute for Allergy and Infectious Diseases, Public Health 


Service. 


r publication July 10, 1958; accepted August 7, 1958) 


tissue cultures were purchased from Microbiological As- 
sociates, Inc. in flasks. Tubes were seeded with 50,000 
cells per tube. Cultures were grown for 48 hours before 
inoculation with a medium developed in this laboratory 
which contains 5 per cent calf serum and 0.5 per cent 
lactalbumin hydrolysate in Earle’s balanced salt solution 
(pH 7.0). 
times with 2 ml. per tube of phosphate buffered 0.85 per 
cent saline; medium 199 was added as the maintenance 
medium. Incubation was effected at 35° C. Three days 
after inoculation fluids were changed to forestall toxic 
effects of inocula (2), and tested for influenza virus hem- 
agglutinin. After additional incubation for four days, 
fluids were again tested for hemagglutinin, pooled and 
Tubes 


3efore inoculation, cells were washed three 


subjected to additional passage for nine days. 
were observed daily for cytopathogenic effects. 
Hemagglutinin titrations were performed by the addi- 
(RBC) 
centration of 0.5 per cent to serially diluted viral sus 


tion of human O red blood cells in initial con 


pensions. End points were determined after 60 minutes 
at 22° C. by direct reading of tubes for hemagglutina 
titrations of involved 


departures from usual methods and are 


tion patterns. Infectivity virus 
described under 
“Results.” 

Electron microscopy was done by Dr. James Murphy 
of The Rockefeller Institute for Medical Research by a 


technique described earlier by Murphy and Bang (3) 
RESULTS 
A comparison of methods of viral tsolation 


Early in the present study it became evident 
that influenza virus hemagglutinin was frequently 
noted in allantoic fluids from eggs inoculated by 
the amniotic route in primary passage isolation 
attempts. This observation, which suggested an 
unusual primary ability of the 1957 viruses to mul- 


tiply in the allantoic sac without initial amniotic 


passage, prompted a quantitative comparison of 


the sensitivity of the amniotic and allantoic sacs 
to infection with small amounts of virus from hu 


man specimens. Although a frequently-quoted 
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TABLE 1 


Simullaneous titrations by amniotic and allantoic routes of 
influenza virus of human lung suspension (Case G. H.) 


Eggs positive for hemagglutinin 
when injected by: 
Lung - 
suspension 
dilution 


Allantoic 
route* 


Amniotic 
route* 


bp DD ++++ 
+++ ++++ 
00+ O-+4 
0 0 0 0 0 0 0 
0 +Dd 0000 


Ist passage 


titer 10°35 


2nd passage 
(cumulative) 
titer with 


subinoculations 103-8 10°43 


* Bold face + and 0 indicate results on Ist passage ; 
+ indicates 1:4 dilution of amniotic or allantoic fluid 
positive for hemagglutinin; 0 indicates 1:4 dilution nega- 
tive; D indicates egg dead within 48 hours after injection, 
fluid not tested. 


earlier paper (4+) had indicated a much greater 
sensitivity of the amniotic route (in 13 day chick 
embryos) compared with the allantoic (in 11 day 
embryos), use of 13 day embryos has proved 
cumbersome in the hands of the present investi- 
gator. Amniotic fluid harvests are small in vol- 
ume ; fluids are opaque and high in urates and pro- 
tein and often induce nonspecific hemagglutination 
in low dilution. The use of younger embryos of 
9 to 11 days circumvents these difficulties and has 
proved successful in the past (5). Accordingly, 
comparison of amniotic and allantoic routes has 
heen made in younger embryos of identical age 
and with the employment of identical incubation 
periods. In Table I are presented the results of 
simultaneous titration of a suspension of human 
lung by amniotic and allantoic injection of sepa- 
rate groups of 10 day old chick embryos. Amni- 
otic inoculations were performed with a 1.5 inch 
No, 25 needle by the “blind” technique (6) under 
transillumination with a Prevue® egg candler; al- 
lantoic inoculation 


¢ 
was effected by injection di- 


rectly into the allantoic sac through a hole drilled 
in the side of the egg, also with a No. 25 needle. 
One-tenth ml. volumes were injected by either 
route. [Eggs were incubated at 35° C. for 60 to 65 
hours prior to harvest of individual fluids for he- 
magglutinin. The presence of hemagglutinin at 
the 10°° dilution in one egg inoculated amniotically 
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suggested the possibility that virus below the con- 
centration required for hemagglutination might 
be present in the “skipped” dilutions which were 
negative for hemagglutinin. [ach negative fluid 
(not in bold face in the table) was injected undi- 
luted by the allantoic route into two eggs which 
were incubated for a further 40 hours. This sub- 
inoculation did in fact reveal latently positive eggs 
in the initial titration but did not contribute ap- 
preciably either to elevation of apparent viral titers 
or to the relative concentrations of virus revealed 
by the two routes of inoculation. By either end- 
point the allantoic method appeared certainly no 
less sensitive than the amniotic to high dilutions of 
virus. 

The possibility was considered that this result 
might be characteristic only of virus recovered di- 
rectly from human tissue or from fatal cases of 
influenza. However, titration under similar con- 
ditions of virus in the throat washing of a non- 
fatal case (Table II) again attested to the com- 
parable sensitivity of allantoic and amniotic routes 
of inoculation. 

Further isolations by the allantoic route—The 1 
fluence of cortisone 


In view of the possibility that these viruses from 
only two cases may have been atypical in behavior, 
four additional throat washings which had previ 
ously yielded virus upon amniotic inoculation were 
injected (undiluted) by the allantoic route into 
groups of six 10 day old eggs which were subse 


quently incubated for 60 hours. Results of first 


and second passages by this method are presented 


in Table IIT. 


Undiluted allantoic pools were em 


rABLE II 


Simultaneous titrations of a throat washing by amnioti 
and allantoic routes (Case R. M.)* 


Eggs positive for hemagglutinin 
when injected b 
Throat 
washing Allantoik 
dilution routet routet 


10° 

107! 

102 Ld | 
10 8 0 0 
10-* 0 0 


* Nonfatal case of influenza 

t +, 1:4 dilution of amniotic or allantoic fluid positive 
for hemagglutinin; 0, 1:4 dilution negative; b, egg dead 
within 48 hours after injection, fluid not tested. 
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PTABLE 
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Recovery of influenza viruses by allantoic inoculation from throat washings previously positive by amniotic inoculation 


ist Allantoic passage 


No. eggs positive 
for hemagglutinin* 


Eggs injected 
with: 


H.O +000 
Cortisone 00 0 0 


H.O 


Cortisone 


H.O 


Cortisone 


H.O 


Cortisone 


* At 1:4 dilution of allantoic fluid. 
t Logs viral hemagglutinin (e.g., 6.0 


ployed for second passage inocula. Either hydro- 
cortisone diethylaminoacetate hydrochloride (‘‘cor- 
tisone”’), 0.001 mg., or distilled H,O was injected 
two hours prior to virus-containing materials. It 
was expected that cortisone, by inhibiting the pos- 
sible interfering effects of inactive or nonrepli- 
cating virus of the inocula (7), might expedite 
demonstration of virus by enhancing final virus 
yields. It may be noted in Table III that cortisone 
was essentially of no practical value in effecting 
viral isolations although a trend toward higher 
concentrations of hemagglutinating virus was usu- 
ally observed with the steroid. 

In comparison with previous amniotic isolations, 
three of the four washings yielded hemagglutinin 
on initial allantoic passage. The sole exception, 
the throat washing of Case R.S., yielded a pecu- 
liarly slow-growing virus which is still under in- 
vestigation. Repetition of the second allantoic 
passage with this virus with 10° and 10 * dilutions 
f inocula resulted in detectable hemagglutinin 
only with the undiluted inoculum even after 72 
The data 
Table III support the evidence presented earlier 


hours of incubation. summarized in 


concerning the effectiveness of the allantoic method 
of inoculation. 
Other methods of viral isolation 


The reported use of monkey kidney tissue cul- 
ture for influenza virus isolation (8, 9) prompted 


Geometric 
mean titert 


2nd Allantoic passage 
No. eggs positive 
for hemagglutinin* 


Eggs injected 
with: 


Geometric 
mean titert 


2.8 H,O } + + 6.0 
2 Cortisone - +++ + 7.0 
H.O - + 
Cortisone + 


H.O 1 0 0 
Cortisone 0 


HO 


Cortisone 


HO 
Cortisone 


H.O 
Cortisone 


conventional titer of 1:64). 


a comparison of this method of viral propagation 
with chick embryo techniques. In addition, the 
possibility that isolates from human lung might 
multiply best in pulmonary tissue suggested a 
trial of mouse inoculation despite the reported in- 
sensitivity of this host in primary isolation at- 
tempts (10). 
three days after intranasal inoculation of mice with 


Groups of mouse lungs (removed 


varying dilutions) were ground as 5 per cent sus- 
pensions in saline with antibiotics in a blender, 
then subjected to centrifugation at room tempera- 
ture of 8,200 G for five minutes. Supernatant 
fluids were subinoculated by the allantoic route 
into 10 day old eggs which were then incubated for 
65 hours; allantoic fluids were tested at 1:4 dilu- 
tion for viral hemagglutinin. The result of a titra- 
tion by this method of virus in a human lung may 
Table IV. 


bined mouse-egg passage (11) yielded virus only 


be seen in It will be noted that com- 


at the initial dilution of 10° while single passage 
allantoic inoculation of 10 day old eggs detected 


rABLE IV 


Simultaneous titrations by chick embryo (allantoic), mouse- 
chick embryo, and tissue culture methods of influenza 
virus in human lung (Case C. P.) 


Monkey 
kidney 
tissue 
culture 


Mouse- 
chick 
embryo 


Chick 
embryo 
(allantoic) 
10-47 


Titer ID 50 <107 


107} 
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TABLE V 


Attempted isolation of influenza virus by mouse inoculation* 
of throat washings previously tested in eggs 


Throat washing tested 
in eggs was: 


Result of isolation 
Estimated attempt in mice: 
viral - : 
concen- Nega- Posi- Nega 
Case trationt tive tive tive 
Zz. ©. + a 
K..9. + + 
S. D. + + 
A. B. - 


M. E. 
A. M. 
DP. 
B.N. 
M. M. 


* Groups of five mice were inoculated intranasally with 
the throat washing; lungs were harvested two days later, 
pooled and homogenized as 5 per cent suspensions by 
weight. Groups of five eggs were inoculated with the 
5 per cent lung homogenates; allantoic fluids harvested 
60 hours later were tested for hemagglutinin. 

t + indicates no allantoic fluids positive for viral hemag- 
glutination on first passage. +++ indicates one-half of 
allantoic fluids positive for viral hemagglutination on first 
passage or actual titration of EIDs59 per 1.0 Gm. of lung 
(wet weight) by chick embryo allantoic route. 


No dilution 
inoculated into monkey kidney tissue cultures in- 


virus at a dilution of more than 10-4. 


duced demonstrable cytopathogenic effects or he- 
magglutinin formation despite subinoculation as 
outlined in ‘Materials and Methods.” 
tion of monkey kidney tissue cultures with the 


Inocula- 


four throat washings positive by both amniotic 
(Table IIL) 
failed to demonstrate virus. 


and allantoic injection similarly 

A similar test of the efficiency of the mouse-egg 
method resulted in the recovery of virus from only 
one of four throat washings previously shown to 
contain virus by primary egg inoculation (Table 
V). 


highest estimated virus concentration when inocu- 


This sole positive specimen had had the 
lated into eggs. No throat washings negative in 
eggs were positive with any other method. 


Recovery of virus from patients with pulmonary 

complications 

By the use of the amniotic or allantoic inocula- 
tion techniques which have been described, hemag- 
glutinating viruses were recovered from specimens 
of lungs or throat washings of 14 influenza pa- 
tients in whom acute pulmonary signs were ap- 
parent. A record of these viral isolations is listed 
in Table VI. 
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In two patients (G.S. and C. B.) only transient 
signs of pulmonary infection were evident and bac- 
terial infection was not demonstrated (1). As 
discussed in the preceding paper of this series (1), 
six patients showed no evidence of bacterial pneu- 
monia despite signs of extensive pulmonary con- 
solidation. From five of these patients who died 
(Cases G.H., C.P., A.B., J.B. and A.C.) virus was 
recovered with ease from either lung suspensions 
or throat washings. Further, virus was usually 
present in high concentration as estimated by the 
frequency of hemagglutinin-positive allantoic fluids 
following initial amniotic inoculation (see foot- 
note to Table VI). 
pooled during the harvest so that individual he- 


(Amniotic fluids were often 


magglutinin determinations on these fluids were 
not always feasible. ) 

The ease with which virus was demonstrated in 
the lungs of fatal cases was related directly to its 
subsequently determined concentration (Cases 


Geb. (G.P. ACB. FAR AZ.) and was 


the exception of Case A.C.) inversely related to 


(with 


the estimated duration of illness prior to death. 
In the case of Patients F.R. and A.Z., in whom 
pulmonary virus was demonstrated with difficulty, 
lung sections were excised at autopsy nine to 10 
In light of the 


fact that circulating antibody may be demonstrated 


days after the onset of illness. 


as early as the seventh day of influenza (12), it is 
understandable that virus was not demonstrable 
in high concentration in these cases. Indeed, in- 
fluenza virus is detected with difficulty in the lung 
of the mouse nine days after initiation of infec- 
tion (13). 
titrations) from the four of the six fatal cases in 


Virus was reisolated (in the course of 
which pulmonary virus was previously demon- 
strated in concentrations greater than 10° EID., 
per Gm. of lung. In Case A.B. a small needle 
This 


aspirate was obtained just ante mortem. 


lung fragment was not weighed, so that the titra- 
tion figure of 10* (Table VI) is probably below 
the actual concentration of virus, as the tissue was 
diluted an undetermined amount in homogeniza- 
tion of the specimen. In all instances when death 
occurred before the tenth day of illness virus was 
recovered from the lung. 


Cases of influenza with pulmonary complications 
from which virus was not tsolated 
From 15 patients with clinical influenza and 
evidence of pulmonary disease, influenza viruses 
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Recovery of influenza viruses from 


Bacterial 
complications 


None 
None 


PW. 
r.W. 
RBC 
Lung 
Lung 
Lung 
r.W. 
Urine 
rw. 
Lung 
CSF 
Urine 
None | WW 


Lung 


None 
None 
None 


None 


Pneumococec: r.W. 
CSF 
Pneumococc: r.W. 
Pneumococc: r.W. 
RBC 
PW 
Lung 
RBC 
r.W. 
r.W. 
Lung 
Urine 
RBC 
Sputum 
Lung 


Pneumococc: 


Staphy lococeé 
Staphylococc: 


Staph ylo OCCk 


* T.W., throat washing; RBC, red blood cells; CSF, 

tT Day of illness. 

t + indicates no allantoic fluids positive for viral hema 
fluids positive for viral hemagglutinin on Ist passage. 
hemagglutinin on Ist passage or actual titration of EID, 
route, 

§ Transient pulmonary signs noted. 

Lung puncture. 
**ND., reisolation not attempted 


were not isolated despite serological substantiation 
of infection in all cases (1). However, considera- 


tion of Table VII shows that in only four of these 


cases (27 per cent) were throat washings obtained 


earlier than the fifth day of illness. It is uncom- 


mon to recover virus after this time (14). In most 
of these patients a secondary bacterial complication 
had that 
tion was essayed relatively late in the course of the 


ensued—further evidence viral isola- 


primary influenza virus infection (1). 
Failure to demonstrate virus in nonrespiratory 
SOU'CES 


Demonstration that a viremia may occur in mice 
infected with influenza virus (15) led to reinvesti- 
gation of the possibility of viremia in human dis- 


D. 


KILBOURNE 


BLE VI 


patients with pulmonary complications 
Estimated 


virus 
concentration} 


Day 
specimen 
obtainedt 


Virus 
reisolated 


Virus 


recovered 


Noe 


wendy 


wn S ww 


ew 


cerebrospinal fluid. 


gglutinin on Ist passage. +-+ indicates < one-half of allantoic 
indicates one-half of allantoic fluids positive for viral 
per 1.0 Gm. of lung (wet weight) by chick embryo allantois 


+ + + 


ease. To this purpose specimens of erythrocytes 
and urine were studied which were obtained early 
in illness from patients in whom respiratory tract 
virus had been demonstrated. Despite concen- 
tration of urine 3- to 10-fold and the expectation 
that blood stream virus might have been adsorbed 
in vivo to RBC suspensions, attempts at virus re- 
covery were fruitless. Spinal fluids from patients 
who exhibited neurological symptoms were also 


negative for virus. 


Identification of viral isolates 


All isolates from either lungs or throat wash- 
ings were serologically identified as Asian strain 
influenza A viruses by hemagglutination-inhibition 


tests. Complex antigenic analysis of isolates by 
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TABLE VII virus infecting and recovered from such cases. 
Serologically proved cases of influenza with pulmonary There is, in fact, no biological characteristic of in- 
complications from which virus was not recovered 


fluenza viruses which has been correlated with 


aac their virulence for man, and thus no way of dem- 


illness 
on which 
specimen 
Specimen was 
source obtained 


onstrating that one viral isolate differs in viru- 


lence from another. The problem is complicated 


wtbinitreincensii further by the probable heterogeneity of viral 
T.W.t 
T.W. 
T.W. 
Urine 
TW 
T.W. 
T.W. 
T.W. 
Urine 
T.W. 
T.W. 
T.W. 
T.W. 
Lung 


None 
Pneumococcai 
Staphylococcal 


particles in any given isolate, and the inevitable 
shifting of the proportion of each type of particle 
with laboratory cultivation of the virus. It is 
None 
Aerobacter 
Pneumococcal 
Pneumococcal 


therefore difficult to relate the sum of the proper- 


ties of even early passage egg-adapted virus to the 
pristine character of this virus as it induced in- 


fection in man. Nevertheless, crude correlations 


H. influenzae and staph. 
Pneumococcal 
Pneumococcal 
Staphylococcal 


may be drawn in that it can be stated that the 
somewhat greater capacity of influenza A viruses 


mn 


ae to induce more severe illness in man than is caused 


Staphylococcal 
Staphylococcal 
Pneumococcal 


i BID STS UD US OO ST IT 


by influenza B 


w 


viruses parallels the relatively 


o 


1. 
T.W. 
T.W. 
T.W. 


greater capacity of influenza A viruses to damage 


~ 


the lung of the mouse in early passages. 
* Rales on auscultation; no roentgenographic evidence 


of infiltrate. 
+ T.W., throat washing. 


the production of isolate-specific antisera was not 


done. However, all isolates were inhibited to 


at least the same degree as the homologous virus 
by antiserum for the Japan 305 strain of influenza 


Although an earlier experiment (Table V) had 
failed to show that viruses in human lung sus 
pensions (from fatal cases) were unduly capable of 
initiating murine infection, it was considered of 
interest to compare the relative pulmonary toxicity 
of the larger amounts of such viruses provided by 


As outlined in Table VITT, 


cultivation in eggs. 


A virus, equivalent masses of virus derived from either the 
throat washings of nonfatal cases or the lungs 


<1 comparison of viral isolates from lungs and 


of fatal cases were inoculated intranasally into 


throat washings of fatal and nonfatal cases wate ok the 
Mice 


were killed after five days and gross pulmonary 


groups of 10 mice each. Viruses 


It has been stressed in the foregoing paper (1) stage of either second or third egg passage. 
that fatal influenza occurred usually in a setting of 
There is, therefore, lesions were scored (16). 


abnormal host physiology. Only with virus from 


no need to postulate an increased virulence of the a nonfatal case were significant lesions produced. 
rABLE VIII 


Mouse lung toxicity of influenza viruses isolated in eggs from fatal and nonfatal cases of influenza 


Viral inoculum 


Source ot 
isolate 


Original 
HA titert 


Egg passage 
of isolate* 


Dilution 
eo T.W. Am; All, 2,048 
.M. T.W. All. 128 
Sy T.W. Am, — All; 512 
BA ic Died Lung Alle 128 
> B. Died Lung Alls 256 
Z Died Lung Am, Alls 128 


* Am, amniotic route; All, allantoic route. 
t Reciprocal of the maximal dilution of the preparation which induces hemagglutination 
t Original throat washing negative in mice (Table V). 
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Fic. 1. Enectron Microscopy (X 19,600) or INFLUENZA Virus ISOLATE FROM THE THROAT WASHING 
oF A NONFATAL CASE (CASE R.M.) 


Chromium shadow—OsQ, fixation. Both filamentous and spheroidal forms of the virus are illustrated. 


This picture is representative of all isolates which were examined from fatal and nonfatal cases. Electron 
microscopy by Dr. James S. Murphy. 
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Therefore, further investigations along this line 
did not appear promising. 

The morphology of a number of isolates was 
In three ex- 
periments performed in collaboration with Dr. 
James Murphy of The Rockefeller Institute for 
Medical 
cases without pulmonary involvement and from 
lung and throat washings of six fatal cases were 
Viral prepa- 
rations were made by a technique which has been 
previously reported (3). Although detailed ex- 
amination (with actual measurements of particles ) 
was not undertaken, it was apparent that marked 
differences among isolates were not readily dis- 


examined by electron microscopy. 


Research, isolates from three nonfatal 


examined by electron microscopy. 


In most preparations filaments pre- 
dominated. A preparation representative of the 
morphology of both “fatal” and “nonfatal” isolates 
is illustrated in Figure 1. 
tous forms of the virus may be observed in this 
photograph. 
Hemagglutinating 
from fatal and nonfatal cases were studied. In 


cernible. 


Spherical and filamen- 


characteristics of viruses 
summary, all isolates agglutinated human, sheep 
and chicken erythrocytes. The relative titers of 
viral hemagglutination with the various cells did 
not differ significantly regardless of the origin of 
the viral isolate. 


DISCUSSION 

Influenza A virus has been isolated and reiso- 
lated from the lungs of influenza patients with 
nonbacterial pulmonary involvement. In patients 
who died early in illness the concentration of pul- 
monary virus was usually high—comparable to 
the concentrations observed in the experimental 
disease of mice at a comparable stage of infection. 
Lower concentrations of virus have been demon- 
strated in two patients in whom bacterial compli- 
cations precipitated hospitalization and who were 
(on the basis of historical evidence) at a later 
stage of influenza. 

An unexpected corollary of the present study 
has been a demonstration of the equal efficacy of 
the allantoic and amniotic routes of chick embryo 
inoculation for recovery of influenza A virus of 


the Asian strain. 


An expected corollary of the study has been the 


HUMAN LUNG fi. 


failure to demonstrate differences in viral isolates 
from fatal and nonfatal cases. 


SUMMARY 


1. Influenza A virus (Asian strain) was iso- 
lated from 14 patients with influenza who ex- 
hibited pulmonary complications. 
tal cases it was recovered directly from lung tis- 


From four fa- 


sue to the exclusion of any other pathogen. 
From three fatal cases virus was recovered from 
the lung coincident with the recovery of pneumo- 
cocci or staphylococci. 

2. With the viruses studied, the chick embryo 
proved the most susceptible host and the allantoic 
route of inoculation of this host equaled the am- 
niotic in sensitivity. 

3. Limited studies failed to demonstrate differ- 
ences in toxicity, hemagglutination capacity or 
morphology of isolates from fatal and nonfatal 
cases. 
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